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EDAbstract
Reaction path modelling, coupled with preparatory inverse modelling, was applied to test this model's ability to reproduce the
wide compositional range of ground waters circulating in a restricted area in Piedmont, Italy. This approach is based on the
assumption that the chemistry of groundwater evolves through a series of partial equilibria with secondary minerals until it reaches
its final composition. PHREEQC [Parkhurst, D.L., Appelo, C.A.J., 1999. User's guide to PHREEQC-A computer program for
speciation, reaction-path, 1D-transport, and inverse geochemical calculations. U.S. Geological Survey Water-Resources
Investigations Report, pp. 99-4259] and EQ3/6 [Wolery, T.J., Daveler, S.A., 1992. EQ6, A Computer Program for Reaction
Path Modeling of Aqueous Geochemical Systems: Theoretical Manual, User's Guide and Related Documentation (version 7.0).
Report UCRl-MA-110662 PT IV. Lawrence Livermore National Laboratory, Livermore, California] software packages were used
to effect simulations. Reaction-path modelling was performed in time mode, taking into account the different rates of dissolution of
each dissolving mineral.
Data from literature regarding the kinetic parameters of dissolving minerals and the mineralogical composition of the host-rock
were used. The results of the reaction-path modelling show that the composition of the analysed water samples was adequately
reproduced, notwithstanding the hydrogeological complexity of the studied area. Modelling results provided very different water
compositions as an effect of the chemical maturity, the physico-chemical parameters ( fCO2, fO2, and temperature) and the variable
amounts of gypsum among dissolving rock-forming minerals, which occur in Miocene levels of the sedimentary sequence. Further
variability is related to the occasional contribution of brackish waters trapped in euxinic marly sediments, locally sealed by overlying
clays, that have assumed an artesian character. The composition of some of the water samples can only be predicted by simulation runs
performed at a temperature higher than that of the outlet (40 °C). These warm waters probably circulate in a restricted area near the
town of NizzaMonferrato. The same area has recently been affected bymoderate seismicity, which has been accompanied by changes
in either the temperature or chemistry, or both, of the ground waters. The changes recorded, interpreted as having been triggered byU
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ARTICLE IN PRESSvariations in the local/regional stress load and/or seismic activity, have to be ascribed to the vertical heterogeneity of the aquifers,
where waters of different temperature, salinity and chemical composition circulate and occasionally mix.
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1. Introduction
Rock weathering is generally an incongruent process,
as the composition of ground waters does not iso-
chemically reproduce that of the host-rock, because it is
often the result of a series of constrainingmechanisms. In
fact, besides the composition of rock-forming minerals
and their reaction to weathering, the concentration of
chemicals in ground waters depends on the extent of
leaching of the host rock and the formation of secondary
minerals, which in turn depend on water temperature and
flow rate, on the presence of a gas phase, and on redox
conditions. Frequently, water composition does not
represent a state of equilibrium, but a step along a
succession of reactions which leads to a state of overall
equilibrium (Helgeson, 1968). Different waters collected
in a given aquifer may represent different steps of water–
rock interaction along the same evolutionary process.
The inverse modelling approach allows us to compute
the mass balance of each chemical element in the two
water samples, provided that they are evolutionary
(Glynn and Brown, 1996; Plummer et al., 1991).
However, the correctness of the assumptions made
about dissolving and precipitating minerals, and about
the eventual gas phase composition, do need to be
verified. Furthermore, inverse modelling only takes into
account the initial and the final stages of the water–rock
interaction process, where the compositional changes
are, instead, path dependent (Helgeson, 1968). Reaction
path modelling simulates the evolution of groundwater
from infiltration until a mature stage of water–rock
interaction, by using the irreversible dissolution of rock-
forming minerals and a series of stages of partial
equilibrium with secondary minerals (Helgeson, 1968;
1979; Helgeson et al., 1969; Pačes, 1973, 1978, 1983;
Sciuto and Ottonello, 1995a,b). Each mineral dissolves
at its own dissolution rate. The rate expression has been
defined by Aagaard andHelgeson (1982), and laboratory
and field studies undertaken to define the kinetic
parameters of a large number of minerals (White and
Brantley, 1995 and references cited therein; Oelkers,
2001 and references therein).
The ability of forward modelling (reaction path
modelling), coupled with preparatory inverse modelling,
to reproduce water compositions in complex hydrologicalPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
D
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systems was tested in a seismic area in NW Italy
(Monferrato, Piedmont Region). The Monferrato Hills
represent the boundary area between the Alpine back-
thrusting front and the Apennine over-thrusting front,
which is masked by tertiary marine deposits named
Tertiary Piedmont Basin (onward TPB, Biella et al.,
1997). These sediments, filling foreland basins, derive
from the erosional dismantling of the uplifting mountains
and contain evaporite deposits, clays, sands and lime-
stones. This complex geological and structural pattern
implies different hydrological circuits and variable water
compositions, in response to the leaching of terrains
hosting the aquifers in the study area, located in proximity
of the town of Nizza-Monferrato. Furthermore, deep
thermal water circulation, the presence of which is
substantiated by several thermal manifestations in both
the Lower and Higher Monferrato Districts, locally
interacts with shallow aquifers, thereby modifying water
chemistry (Bortolami et al., 1982; 2003; Olivero et al.,
1987; Conti et al., 2000). The study area has recently been
affected by seismic activity; major earthquakes occurred
on August, 21, 2000 (Ml=5.2, lat. 44.80° N and long.
8.39 E), and July, 2001 (Mmax=4.8, 44.830 North 8.37
East), which had some effects on the chemistry and
temperature of the shallow ground waters (Quattrocchi
et al., 2003).
In this study, the thermodynamic approach has been
proposed as a sound methodology to ascertain the
processes responsible for the wide range of water types
and to tentatively explain the time-related variations
measured during the period of observation (17 June
2004, Md=3.2, 44°49.73 N 8°25.56 E; 30 November
2004, Md=3.0, 44°49.22 N 8°24.53 E; RSNI data,
www.dister.unige.it/geofisica) in the chemical composi-
tion at some sites, especially in those occasionally
affected by large increases in temperature (of about
20 °C) and, concurrently, by moderate seismic events.
Samples were collected over three years of monthly
field campaigns, performed from 2003 to 2005 in the
Nizza Monferrato area where, after a first survey on 30
sites, about fifteen water samples were collected and
analysed for their major and minor element contents,
and δD and δ18O of water. PHREEQC (Parkhurst and
Appelo, 1999) and EQ3/6 (Wolery and Daveler, 1992)
software packages were applied to develop inverse andof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 1. Structural sketch map of North-Western Italy (modified from Carrapa et al., 2005Q1 ). The box indicates the investigated area. LA: Ligurian Alps;
TPB: Tertiary Piedmont Basin; AM: Alto Monferrato; M: Monferrato; IL: Insubric line; VVL: Villalvernia-Varzi line; VGT: Val Gorrini thrust; SVZ:
Sestri-Voltaggio zone; VG: Voltri Group.
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2. Geological and geochemical framework
The investigated area is located at the boundary
between the wide alluvial Po plain and the Alto Mon-
ferrato region, at the base of the Ligurian Alps, in North-
Western Italy (Fig. 1). In the study area sediments
belonging to the TPB crop out. The TPB is a terrigenous
succession ranging in age from Upper Miocene to Plio-
cene; it masks the boundary between both the Alpine
and Apennine thrust belts (Biella et al., 1987, 1997).
The maximum thickness of the sequence is 3–4 km near
the town of Alessandria, as highlighted by AGIP's deep
wells (Pieri and Groppi, 1981; Cassinis, 1986; Biella
et al., 1987; 1997; Miletto & Polino, 1992).
The TPB is to be considered a crustal piggy-back
basin of the Miocene Apenninic belt. The tertiary se-
quence is hidden by Plio-Quaternary alluvial sediments
of the Po plain.Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemIn the study area, the sedimentary sequence includes,
from bottom to top (ARPA Piemonte, 1990; Ghibaudo
et al., 1985) (Fig. 2):
— Serravallian: strata of coarse sandstones, inter-
bedded with siltstones and fine-grained sandstones;
— Tortonian–Messinian: blue–grey marls, with a
silt-arenaceous component;
— Lower and Middle Messinian: grey marls with
lenses of gypsum, vuggy limestones and sulphur. The
deposition occurred in a lagoon environment;
— Upper Messinian–Lower Pliocene: polymict
conglomerate, with interbedded sand-stones, marls
and gypsum lenses;
— Lower and Middle Pliocene: blue–grey clays and
marls, rarely interbedded with sands;
— Middle Pliocene: yellow sandstones, variably
cemented, with interbedded marls and clays;
— Villafranchian–Pleistocene: Fluvio-lacustrine
deposits, made up of sands, clays and gravels.
— Holocene: recent and present fluvial deposits,
consisting of silts, sands, clays and gravels.of groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 2. Lithological sketch map and location map of sampled wells and springs (ARPA Piemonte, 1990). Tracks of the geological sections of Fig. 5 are
also indicated. The area where well waters have been warming up since 2000 is indicated by an ellipse.
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A common feature of the sediments outcropping in the
study area is the ubiquitous presence of clays. Indeed,
marls and clays, interbedded with arenaceous levels,
characterize the Late-Miocene and Pliocene sequences
(see lithological sketchmap of Fig. 2). Themost abundant
clay mineral is illite, followed by smectite and chlorite,
with only minor kaolinite (Pigorini et al., 1970). Quartz
represents the dominantmineral in the arenaceous fraction
(30–50%), followed by K-feldspar and plagioclase (10–
20%), and lithic fragments eroded from the Ligurian Alps
(Gnaccolini and Rossi, 1994), which aremade up ofmica-
schists, gneiss, serpentinites and extra-formational carbo-
nates (Bottino et al., 1975; Gnaccolini and Rossi, 1994).
Plagioclase is chiefly albitic in composition in both
gneissic lithic fragments (Bottino et al., 1975) and
Serravallian sandstones (Caprara et al., 1985).
Water circulation mostly occurs in coarse to medium-
grained clastic sediments belonging to the Pliocene,
Villafranchian–Pleistocene and Holocene formations
(Bortolami et al., 2003). Older formations behave as
impermeable substratum, even though some water circu-
lation may occur either in porous lenses or in karst
Messinian evaporites, whose permeability is locally
enhanced by fracturing and/or chemical dissolution.Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemT
A cold H2S-rich spring exists a few kilometres west
of Nizza Monferrato, at Agliano Terme where forma-
tions of Messinian and Pliocene age crop out.
Fifteen kilometres south of Nizza Monferrato, there is
a geothermal area that gives rises to a series of thermal
springs in the Acqui Terme-Visone District, whose max-
imum temperature is 70 °C at La Bollente spring, in
Acqui Terme's city centre. The thermal area lies on the
sediments of the TPB, whereas ultramafic rocks,
serpentinites and metasediments of the Ligurian Alpine
edifice, as well as Mesozoic limestones and evaporites,
underlie the tertiary sedimentary sequence, as indicated
by geophysical data and geological models (Cassano
et al., 1986). Thermal waters upraise from depth through
NW–SE-trending normal faults. Some geochemical
studies on the Acqui Terme-Visone geothermal systems
indicate, on the basis of chemical geothermometers, an
equilibration temperature of about 120–130 °C in the
main aquifer, at a depth of 3.5 km (Marini et al., 2000).
Rain water infiltrating in the Ligurian Alps interacts with
both the crystalline basement and the Mesozoic
sedimentary sequence, giving rise to a variety of com-
positions from Na–Cl, to Na–HCO3 and Ca–SO4.
Higher but unrealistic temperatures (about 200 °C)of groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Table 1t1:1
Major, minor and trace element contents in ground waters analysed from the 2003 preliminary surveyt1:2
t1:3 Sample Date T pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ Si Al Fe H2S As δ
18O δD CO2 CH4
t1:4 (°C) (mV) mg/l ppm ppb ‰
V−SMOW
cc/l STP
t1:5 1 4/16/03 13.7 7.5 −280 3410 0.0 2000 329 2650 48 197 249 25 0.13 b0.05 20.0 15 −10.9 −71 12 4.3E−02
t1:6 2 4/16/03 13.2 7.7 40 40 16 1430 306 48 52 153 408 14 0.08 0.08 b0.2 5 −8.6 4 1.0E−03
t1:7 3 4/16/03 15.3 8.9 −140 740 0.0 1 699 778 9 3 5 6 0.13 0.27 b0.2 3.8 −9.8 −63 1 33
t1:8 4 4/17/03 11.6 9.2 −160 6 0.0 2 497 178 2 0 2 8 0.07 b 0.05 0.4 b 0.1 −11.2 −73 0.2 18
t1:9 5 4/14/03 14.1 7.3 330 11 1.3 156 533 95 1 37 109 10 0.07 0.06 b0.2 b0.1 −8.4 22 3.0E−04
t1:10 6 29/5/03 14.7 7.1 −35 800 0.8 30 578 469 9 53 183 11 0.11 8.63 0.3 26 −9.4 −60 23 1.3E−03
t1:11 7 29/5/03 13.7 6.9 40 58 0.0 99 527 41 1 34 173 8 0.18 5.94 b0.2 2 −8.8 37 5.0E−04
t1:12 8 4/14/03 13.9 7.1 410 30 13 316 566 26 14 115 144 11 b0.05 b0.05 b0.2 1.1 −8.5 −53 21 4.0E−04
t1:13 9 4/14/03 15.4 7.2 370 30 5 247 464 23 4 87 126 10 0.10 0.13 b0.2 1.1 −8.7 14 3.5E−04
t1:14 11 4/16/03 12.0 7.3 −150 12 0.0 131 576 22 5 76 119 27 0.09 8.58 b0.2 b0.1 −10.0 −63 28 2.0E−02
t1:15 12 30/5/03 14.4 6.2 90 7 0.0 174 518 28 4 60 141 25 0.10 0.90 b0.2 b0.1 −9.9 3 1.3E−03
t1:16 13 4/16/03 14.2 6.8 110 62 0.5 173 586 38 0.7 58 199 8 0.10 b0.05 b0.2 b0.1 −8.8 −55 61 2.0E−03
t1:17 14 4/14/03 12.4 6.8 330 47 108 261 503 37 16 40 224 8 0.11 0.06 b0.2 b0.1 −8.9 −58 27 2.5E−04
t1:18 15 4/14/03 14.4 7.1 340 15 35 178 364 14 3 36 131 14 0.11 b0.05 b0.2 b0.1 −9.6 13 4.3E−04
t1:19 16 4/16/03 13.8 7.0 −60 9 0.1 555 564 15 2 88 235 19 b0.05 1.79 b0.2 b0.1 −9.9 −64 30 1.4E−02
t1:20 17 4/16/03 12.7 7.1 −10 12 0.1 691 467 16 2 72 314 15 0.18 1.29 b0.2 b0.1 −9.9 48 7.0E−04
t1:21 18 4/15/03 16.9 6.8 −110 11 0.1 174 501 12 1 32 185 11 0.06 1.68 b0.2 b0.1 −9.8 −61 34 2.0E−04
t1:22 19 4/15/03 13.8 6.9 25 280 2 259 403 180 4 56 183 12 0.07 0.18 b0.2 1.1 −9.8 31 7.0E−04
t1:23 20 4/15/03 12.8 7.2 200 105 186 221 344 51 17 41 215 10 b0.05 b0.05 b0.2 1.1 −9.0 −58 16 1.9E−04
t1:24 21 4/17/03 13.6 7.6 110 17 50 160 283 11 4 43 123 15 0.18 1.32 b0.2 b0.1 −9.9 9 1.6E−04
t1:25 22 4/15/03 15.1 7.6 −90 100 0.0 113 342 184 11 26 24 17 0.05 0.14 0.4 23 −11.0 4 5.0E−03
t1:26 23 29/5/03 16.6 7.9 −15 12 0.0 56 403 153 11 13 16 19 b0.05 0.32 b0.2 52 −11.5 4 1.4E−02
t1:27 24 29/5/03 16.0 8.4 200 15 0.8 56 375 179 7 4 7 15 0.11 b0.05 b0.2 36 −11.5 −75 4 3.0E−03
t1:28 25 29/5/03 15.3 7.9 60 17 0.0 92 386 79 11 46 41 20 0.13 0.18 b0.2 8 10 3.0E−03
t1:29 26 4/17/03 12.3 7.0 150 32 1.2 264 590 27 1 61 233 10 0.06 0.09 b0.2 b0.1 −8.3 63 4.0E−04
t1:30 27 23/6/04 69.6 8.4 −265 1070 5.3 196 34 689 13 1 150 34 0.35 b0.05 b0.2 1 −9.1 −68 0.2 6.0E−01
t1:31 28 4/16/03 24.2 7.6 120 6 26 21 349 4 1 22 112 21 3.58 6.27 b0.2 1.1 −8.5 14 2.0E−04
t1:32 29 29/5/03 28.3 7.5 140 20 86 104 367 12 1 34 154 13 0.18 0.09 b0.2 b0.1 12 3.0E−04
t1:33 30 29/5/03 14.4 7.1 190 12 56 42 368 5 0.2 10 158 9 0.10 0.05 b0.2 b0.1 30 9.0E−04
t1:34 31 4/16/03 16.7 7.9 90 82 43 1328 503 411 9 129 204 10 0.12 0.18 b0.2 1.1 −9.8 −63 11 1.6E−03
Stable water isotopes have also been listed.t1:35
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were deduced by Bortolami et al., (1983), based on
isotopic geothermometers.
As a whole, the Monferrato sector of the Piedmont
Region is characterized by widespread ipothermal and
H2S-bearing springs (up to 30 ppm of H2S) as well as by
Na–Cl brines, typical of sedimentary basins; these are a
consequence of the leaching of evaporitic deposits and
marine sedimentary strata, cropping out even in the
sector located north of the studied area (Bortolami et al.,
2003): Ca(Mg)–HCO3, Na–Cl(SO4). where Na–Cl
shallow groundwater families are typical.
3. Geochemical survey and laboratory analyses
Based on previous studies on the local aquifer
(Quattrocchi et al., 2003), an early overall geochemical
survey was performed in April–May 2003, by collecting
around 30 water samples (springs, artesian and drilled
wells, Fig. 2). Based on the results of this first survey, 15
groundwater sites were selected for periodical monitor-
ing; monitoring was then effected monthly.
Physico-chemical parameters (temperature, pH,
redox potential), together with alkalinity, were measured
in the field by titration with HCl 0.05 N, using methyl
orange as the indicator. All the samples were filtered
through cellulose filters (0.45 μm of pore diameter) and
acidified with HCl 6 M for major element analyses and
with HNO3 4 M for minor and trace element analyses.
The samples to be used for major element analyses were
stored in HDPE bottles, whereas those for minor and
trace elements were placed in sterile PP tubes. In the
laboratory, the major elements (Ca2+, Mg2+, Na+, K+,
Cl−, SO4
2−, NO3
−) were determined by high pressure
liquid chromatography (DX 500, Dionex Corporation),
whereas the minor and trace elements (SiO2, Fe, Al, As)
were determined by ICP-Mass spectrometry (ELAN
6100, Perkin Elmer). The analytical precision was
smaller than 5%.
The sulphide content was determined by the Sulphide
Test Kit (LaMotte company), by adding three different
reagents to 5 ml of the sample (in the following order:
sulphuric acid, ferric chloride hexahydrate and ammo-
nium phosphate) and by comparing the colour of the
sample with a colour scale.
Dissolved gases were measured by using the method
proposed by Capasso and Inguaggiato (1998). Perkin-
Elmer AutoSystem XL gas chromatograph, equipped
with 4 m carbosieve SII columns, two serial TDCs and
auto-ignite-FID detectors, were used. The first is a non-
destructive thermal conductivity detector that gives
satisfactory analytical results (2 ppmV) for He, H2, O2,
N2. The second is a flame ionization detector (sensitivityPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
D
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0.1 ppmV) used for the analysis of C-bearing gases (CO,
CH4 and CO2).
Isotope analyses (δ18O and δD) were performed on
separate samples by using an Analytical Precision AP
2003 spectrometer for δ18O and a Finnigan MAT Delta
plus spectrometer for δD. The analytical precision was
0.1‰ for δ18O and 1‰ for δD.
4. Main geochemical features of the TPB aquifer
4.1. Water chemistry
The water composition, in terms of both major and
minor elements and stable isotopes, is listed in Tables 1
and 2. Water temperatures ranged from 12 to 29.5 °C,
pH values from 6.2 to 9.2, and Eh from −280 mV to
400 mV. The highest pH values and reducing conditions
were measured in artesian wells and springs. This
suggests that the water circulates in sediments that are
not supplied by significant CO2 sources and that are
characterised by low vertical permeability, thereby justi-
fying the artesian character. In fact, the water contains
decaying organic matter, as widely recorded all over Po
plain (Conti et al., 2000; Olivero et al., 1987). This is
confirmed by the high CH4 contents in the dissolved gas
phase (up to 25 cm3/l STP), which was mostly measured
in sample no. 3, collected from Piano del Salto in
proximity of the small village of Moasca, and in spring
no. 4, collected near the village of Canelli. The waters
circulating at shallow levels, mainly in the alluvial
deposits of the Belbo River, had lower pH and more
oxidizing conditions.
The total dissolved salt content (TDS) ranged from
540 to 8880 mg/l. The most saline sample was sample 1,
a spring rich in H2S that emerges to the west of Nizza
Monferrato, in Agliano Terme.
We also analysed La Bollente spring (no. 27) in Acqui
Terme: outlet temperature and pH were 70.0 °C and 8.3,
respectively, while its TDS content was 2100 mg/l.
The water isotopes, besides being tracers of the
purely meteoric nature of the analysed waters, showed
more negative values (−11.5bδ18Ob−10.8‰ and
−75bδDb−71‰ vs. V-SMOW) in the artesian wells
and springs (including Agliano Terme spring, no. 1),
suggesting deeper circuits and distal recharge areas
(Fig. 3). The shallower water levels were characterised
by more positive values, which indicates that the local
recharge is at a lower elevation. La Bollente spring in
Acqui Terme (no. 27) 18O-shifted with respect to the
meteoric water line, due to its prolonged exchange
with the host-rock and/or mixing with connate saline
water.of groundwater circulation in a seismically active area (Monferrato,
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Table 2t2:1
Major, minor and trace element contents and water δ18O in some selected sites from 2003 to 2005t2:2
t2:3 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:4 (mV) mg/l Ppb ‰ V-SMOW
t2:5 1
t2:6 16/04/03 13.7 7.5 −280 3410 0 2000 330 2650 48 200 250 8890 25 0.1 b0.05 15
t2:7 22/01/04 13.4 7.3 −360 3940 11 2080 320 2730 27 200 280 9590 20 b0.05 b0.05 16
t2:8 17/02/04 14.3 7.6 −320 3930 1 2080 390 2850 28 220 270 9780 18 0.1 b0.05 7 −10.8
t2:9 16/03/04 13.8 7.5 −340 3940 1 2090 320 2770 25 210 270 9630 16 0.3 b0.05 6 −10.8
t2:10 19/04/04 13.8 7.4 −370 3440 0 1930 310 2600 25 230 230 8760 16 b0.05 b0.05 8 −10.8
t2:11 24/05/04 15.7 7.3 −390 3430 8 1890 320 2530 25 210 230 8640 29 0.7 b0.05 6 −11.0
t2:12 22/06/04 14.2 7.4 −270 3500 9 1850 340 2590 25 240 250 8810 30 b0.05 0.1 6 −10.7
t2:13 29/07/04 14.7 7.4 −340 3570 5 1900 320 2620 14 220 270 8920 28 b0.05 b0.05 5 −11.0
t2:14 25/08/04 14.0 7.5 −320 3430 4 1790 290 2550 22 220 260 8560 27 0.5 b0.05 5 −11.0
t2:15 22/09/04 14.4 7.5 −350 3430 14 1890 300 2600 17 220 270 8740 26 0.0 b0.05 5
t2:16 26/10/04 14.1 7.8 −330 3430 23 1710 290 2510 21 210 240 8430 25 0.7 0.2 13
t2:17 24/11/04 7.7 −30 3610 5 1830 310 2550 21 220 260 8800 30 b0.05 b0.05 10 −11.2
t2:18 14/12/04 11.7 7.6 −340 3520 5 2030 310 2580 21 210 340 9010 13 0.1 b0.05 9 −10.7
t2:19 06/04/05 13.8 7.4 330 3710 5 2050 310 2550 21 210 260 9110 26 b0.05 b0.05 6
t2:20 27/04/05 14.0 7.8 −290 3760 8 2000 320 2630 27 230 230 9200 22 b0.05 b0.05 5 −10.8
t2:21 08/06/05 14.2 7.4 −330 3670 12 1960 280 2610 26 240 240 9050 23 b0.05 0.4 3 −10.8
t2:22 05/07/05 14.7 7.4 −280 3580 17 1770 330 2450 23 240 230 8640 22 b0.05 0.2 2 −10.8
t2:23 26/07/05 17.0 7.4 −350 3680 5 1960 260 2550 23 250 250 8970 20 b0.05 b0.05 11 −10.7
t2:24 30/08/05 16.0 7.4 −310 3680 4 1950 310 2530 20 250 230 8970 19 0.3 0.1 10 −10.9
t2:25 28/09/05 13.9 7.2 −490 3600 9 1790 250 2530 25 210 230 8650 19 b0.05 b0.05 12 −10.9
t2:26 27/10/05 13.6 7.6 −270 3620 14 1790 320 2480 24 200 230 8680 21 b0.05 b0.05 18
t2:27 28/11/05 13.6 7.5 −490 3870 2 1950 310 2570 33 250 240 9220 21 b0.05 b0.05 17 −10.8
t2:28 13/12/05 12.7 7.4 −250 3940 15 1960 280 2620 45 260 250 9370 21 b0.05 b0.05 15
t2:29
t2:30 4
t2:31 17/04/03 11.6 9.2 −160 6 0 2 500 180 2.4 0.4 2.2 690 8 0.1 b0.05 b0.10 −11.2
t2:32 28/10/03 11.8 8.7 −300 8 7 7 480 170 2.1 0.6 2.6 680 6 b0.05 b0.05 0.1 −10.8
t2:33 26/11/03 10.9 9.1 −210 7 0 2 490 170 2.2 0.5 2.7 670 6 0.1 b0.05 0.2 −11.0
t2:34 15/12/03 7.4 8.5 60 6 0 3 480 170 1.4 0.5 2.3 660 6 0.2 b0.05 0.2 −11.3
t2:35 21/01/04 5.7 8.8 −200 6 0 8 440 180 1.1 0.5 1.7 640 6 0.1 b0.05 b0.10 −11.2
t2:36 18/02/04 7.3 9.1 −310 6 0 5 420 170 1.1 0.6 3.8 610 5 b0.05 b0.05 0.1 −11.0
t2:37 16/03/04 8.3 8.6 −280 6 0 3 460 170 1.1 0.6 2.3 640 5 b0.05 b0.05 b0.10 −11.0
t2:38 20/04/04 10.3 9.0 −140 27 0 16 460 170 1.0 1.2 4.8 680 5 0.2 0.5 0.2
t2:39 24/05/04 16.1 9.1 −340 7 2 3 420 170 1.4 1.9 4.2 610 9 0.3 0.1 b0.10 −11.3
t2:40 24/06/04 17.4 8.9 −160 5 1 3 450 170 1.1 1.5 7.0 640 9 b0.05 0.1 b0.10
t2:41 29/07/04 21.2 9.0 −100 5 1 2 440 170 0.9 1.5 7.2 630 9 b0.05 b0.05 b0.10
t2:42 24/08/04 21.1 9.1 −120 4 1 2 450 170 0.9 1.5 7.5 640 8 0.1 b0.05 b0.10
t2:43 21/09/04 18.4 9.0 −200 6 2 2 450 170 0.6 1.8 6.9 640 8 0.1 b0.05 b0.10
t2:44 25/10/04 15.7 9.4 −60 6 1 4 440 170 1.5 0.5 2.9 620 9 0.6 0.1 b0.10 −11.0
t2:45 25/11/04 9.7 8.8 50 4 2 1 450 170 0.7 1.6 6.7 640 8 b0.05 b0.05 b0.10 −11.4
t2:46 15/12/04 7.6 9.0 −240 7 2 9 450 170 0.8 0.8 2.3 640 9 1.9 0.1 b0.10 −11.0
t2:47 19/01/05 6.6 8.7 −50 4 1 2 450 170 0.7 1.8 7.0 640 10 b0.05 b0.05 b0.10 −11.3
t2:48 02/03/05 4.7 9.5 −230 5 2 2 420 170 0.7 0.5 1.4 600 11 0.1 b0.05 b0.10 −11.1
t2:49 06/04/05 11.0 8.9 −200 8 1 2 480 170 0.8 1.1 5.5 670 10 b0.05 b0.05 b0.10
t2:50 27/04/05 13.5 9.6 −180 11 2 5 450 180 1.3 0.8 1.9 650 7 b0.05 b0.05 b0.10 −11.2
t2:51 09/06/05 19.0 8.8 −110 6 0 2 440 160 1.0 0.6 1.4 610 7 b0.05 b0.05 b0.10 −11.0
t2:52 05/07/05 21.3 9.2 −200 6 2 2 440 160 0.5 0.6 1.5 610 7 b0.05 b0.05 b0.10 −11.0
t2:53 25/07/05 20.1 8.8 −150 6 1 2 440 150 0.5 2.1 4.1 610 6 b0.05 b0.05 b0.10 −11.3
t2:54 30/08/05 19.4 9.0 −160 6 1 5 430 170 1.7 0.9 1.6 620 6 0.3 0.1 1.0 −11.1
t2:55 28/09/05 16.8 9.0 −110 3 1 2 440 160 0.7 0.5 1.7 610 6 b0.05 b0.05 0.8 −9.1
t2:56 27/10/05 14.2 9.6 −180 5 1 1 430 170 1.1 0.8 2.0 610 2 b0.05 b0.05 0.3
t2:57 28/11/05 7.2 8.8 −310 5 1 2 450 170 0.7 1.7 9.1 640 6 b0.05 b0.05 0.2 −11.1
t2:58 13/12/05 6.4 9.4 −40 9 2 6 430 170 0.8 0.7 2.2 620 7 b0.05 b0.05 b0.10
(continued on next page)
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t2:59 Table 2 (continued)
t2:60 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:61 (mV) mg/l Ppb ‰ V-SMOW
t2:62 6
t2:63 29/05/03 14.7 7.1 −40 800 1 30 580 470 8.9 53 180 2120 11 0.1 8.6 25.8 −9.3
t2:64 28/10/03 13.7 6.7 −130 1060 13 16 640 550 5.3 63 170 2510 9 0.2 7.1 26.9 −9.3
t2:65 26/11/03 14.1 7.1 −150 1020 3 16 660 530 3.5 63 190 2480 9 0.1 10.5 31.6 −9.2
t2:66 16/12/03 9.8 6.9 −120 1010 3 15 590 530 4.1 62 190 2400 7 0.5 9.3 31.6 −8.6
t2:67 21/01/04 13.2 6.8 −80 360 3 72 530 210 1.6 44 170 1390 6 0.1 3.2 10.7 −8.8
t2:68 18/02/04 12.0 7.1 −20 69 0 95 510 40 0.8 36 170 920 5 b0.05 b0.05 0.7 −8.9
t2:69 17/03/04 11.0 7.2 10 46 2 88 520 30 1.2 33 170 890 4 b0.05 b0.05 0.6
t2:70 23/03/04 10.0 7.5 380 390 30 0.7 24 130 580 b0.05 0.3
t2:71 20/04/04 13.7 6.9 330 44 4 129 510 30 0.7 30 150 900 5 b0.05 2.9 9.9 −8.7
t2:72 25/05/04 15.9 7.0 210 32 5 84 540 30 0.9 31 150 880 8 4.7 1.0 0.2 −8.4
t2:73 23/06/04 15.8 7.0 20 35 1 83 540 40 0.5 34 160 890 7 0.3 0.2 0.4 −9.2
t2:74 28/07/04 15.8 7.0 −100 710 1 35 580 370 2.4 57 190 1940 10 b0.05 b0.05 0.3
t2:75 24/08/04 15.4 7.0 −150 860 1 26 560 450 2.5 64 180 2140 10 b0.05 7.7 15.2
t2:76 23/09/04 16.7 7.1 −150 970 1 22 550 490 3.0 68 200 2300 11 0.1 8.8 21.2
t2:77 25/10/04 16.0 7.3 −130 980 1 20 560 450 2.0 67 200 2280 10 0.4 15.6 30.7 −9.4
t2:78 25/11/04 16.2 7.1 −100 1220 1 14 550 540 3.4 78 220 2620 11 b0.05 12.4 28.5 −9.2
t2:79 13/12/04 14.0 7.2 −100 1110 1 15 570 520 2.6 71 220 2510 11 0.4 10.7 19.7 −9.4
t2:80 19/01/05 19.8 6.9 −140 1090 1 14 550 520 2.0 75 230 2490 14 b0.05 12.1 23.0 −9.1
t2:81 01/03/05 17.6 7.2 −100 1190 2 13 590 530 2.2 72 230 2620 13 0.1 11.5 24.1
t2:82 06/04/05 19.1 7.1 −180 1200 1 11 560 520 2.7 74 240 2600 14 b0.05 12.5 25.0 −9.2
t2:83 27/04/05 18.9 7.2 −130 1240 7 14 560 530 4.2 84 230 2670 9 b0.05 12.9 22.4 −9.2
t2:84 08/06/05 20.5 6.8 −170 1190 2 15 540 510 4.6 79 240 2570 9 b0.05 13.1 20.1 −9.4
t2:85 05/07/05 16.9 7.1 −130 1190 1 10 570 530 3.1 84 210 2600 9 0.1 11.1 25.3 −9.7
t2:86 26/07/05 14.8 6.8 −140 1230 3 10 540 550 2.2 81 210 2620 8 b0.05 11.5 23.7 −8.5
t2:87 30/08/05 15.6 7.1 −120 1250 3 11 540 550 4.6 83 210 2660 8 0.3 11.5 23.4 −9.4
t2:88 28/09/05 14.7 6.8 −170 1240 2 7 540 560 3.9 71 210 2630 8 b0.05 11.4 25.6
t2:89 27/10/05 15.1 7.2 −130 1240 3 6 540 560 3.1 76 210 2640 9 b0.05 10.9 37.7
t2:90 28/11/05 14.3 6.7 −310 1300 2 7 550 570 3.8 89 220 2750 9 b0.05 11.5 44.0 −9.3
t2:91
t2:92 7
t2:93 29/05/03 13.7 6.9 40 58 0.0 99 530 41 1.2 34 170 930 8 0.2 5.9 1.9 −9.1
t2:94 28/10/03 12.6 6.9 −90 966 14.9 30 590 495 4.7 60 180 2340 8 0.1 4.8 6.0 −9.0
t2:95 26/11/03 13.5 6.6 −110 988 2.3 17 700 511 3.8 61 190 2470 8 0.1 6.2 8.8 −8.7
t2:96 16/12/03 13.3 7.0 −80 99 0.0 88 540 50 1.0 38 170 990 7 0.2 5.4 3.8 −8.7
t2:97 21/01/04 13.5 6.9 −120 179 0.0 84 520 103 1.3 41 160 1090 7 0.1 5.3 5.8 −8.4
t2:98 18/02/04 13.3 7.1 −70 83 0.0 93 540 47 1.5 39 170 970 5 b0.05 0.1 0.5 −8.5
t2:99 17/03/04 12.1 7.0 −70 67 0.0 92 490 39 0.6 37 160 890 6 0.3 0.3 0.8
t2:100 20/04/04 13.6 6.9 −60 64 3.6 96 480 38 0.5 36 160 880 6 0.2 3.9 5.0 −8.7
t2:101 25/05/04 15.5 7.0 −90 65 1.7 90 550 45 0.5 42 160 950 9 0.8 6.2 1.4 −8.5
t2:102 24/06/04 13.9 7.0 −110 70 3.1 101 540 43 0.8 44 170 970 9 0.4 6.5 1.4 −8.8
t2:103 28/07/04 14.2 6.8 −70 68 1.8 100 550 43 0.8 40 150 950 9 b0.05 6.2 1.1 −8.7
t2:104 24/08/04 14.1 6.9 −110 66 0.9 95 540 44 0.9 40 140 930 9 0.1 5.3 1.3
t2:105 23/09/04 13.8 7.0 −120 68 2.0 96 570 44 0.7 40 150 970 9 0.1 6.0 2.3
t2:106 25/10/04 14.8 7.2 −90 67 1.0 83 560 43 0.5 38 160 950 9 0.4 7.3 3.2 −8.8
t2:107 25/11/04 13.6 6.9 −90 72 1.1 90 540 63 1.7 39 160 970 9 b0.05 6.7 2.3 −8.6
t2:108 13/12/04 13.0 7.0 −90 60 0.9 95 570 42 0.4 37 160 960 9 0.4 6.8 2.0 −8.6
t2:109 19/01/05 13.6 6.6 −190 58 1.2 99 550 42 0.6 40 170 960 12 b0.05 6.5 0.5 −8.4
t2:110 01/03/05 13.3 7.1 −70 65 1.4 102 490 41 0.5 35 170 900 11 0.1 6.5 0.5
t2:111 06/04/05 12.7 7.3 58 1.0 23 450 39 0.9 32 110 710 7 b0.05 3.5 0.5 −8.7
t2:112 27/04/05 15.4 7.1 −120 75 3.9 106 550 51 0.9 39 170 1000 7 b0.05 7.4 1.4 −8.6
t2:113 08/06/05 13.4 6.9 −150 65 2.1 90 460 40 0.7 32 150 840 7 b0.05 6.7 1.2 −8.7
t2:114 05/07/05 15.0 7.1 −120 90 1.5 61 550 52 1.0 42 150 950 8 0.2 10.6 1.8 −9.0
t2:115 26/07/05 13.5 7.3 −200 57 0.5 41 490 36 0.9 37 130 790 9 b0.05 5.4 1.6 −9.0
t2:116 30/08/05 14.8 7.1 −120 60 0.5 76 490 35 0.5 39 150 850 12 0.3 6.8 4.5 −8.7
t2:117 28/09/05 13.5 6.7 −140 71 2.2 88 520 44 1.1 35 160 920 13 b0.05 6.5 4.3
t2:118 27/10/05 14.5 7.1 −110 70 1.3 84 510 46 0.6 37 150 900 6 b0.05 6.5 5.2
t2:119 28/11/05 16.6 6.9 −340 70 0.0 77 530 43 1.0 40 160 920 7 b0.05 10.2 6.2 −8.8
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t2:120 Table 2 (continued)
t2:121 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:122 (mV) mg/l Ppb ‰ V-SMOW
t2:123 8
t2:124 14/04/03 13.9 7.1 410 31 13 320 570 26 14 115 144 1230 11 b0.05 b0.05 1.1 −8.5
t2:125 29/05/03 14.8 7.6 290 28 9 320 570 25 16 118 138 1230 13 0.1 b0.05 1.1
t2:126 28/10/03 13.8 7.1 180 18 3 220 570 22 17 116 78 1040 0.1 b0.05 1.0 −9.2
t2:127 26/11/03 14.9 7.2 100 16 5 240 650 23 18 118 85 1160 14 b0.05 b0.05 1.0
t2:128 15/12/03 13.9 7.4 200 16 4 240 550 24 19 121 89 1060 13 0.2 0.1 1.3 −8.9
t2:129 21/01/04 14.0 7.8 150 25 25 250 360 28 14 88 88 880 b0.05 b0.05 2.2 −9.2
t2:130 17/02/04 13.4 7.9 210 25 21 270 360 26 12 95 91 900 b0.05 b0.05 1.9 −9.1
t2:131 16/03/04 14.4 7.7 230 25 20 270 420 28 14 96 104 980 0.1 b0.05 1.8 −9.3
t2:132 20/04/04 14.6 7.3 160 22 19 300 470 27 14 108 107 1070 0.1 0.1 1.7 −9.3
t2:133 25/05/04 14.1 7.2 140 27 25 300 530 25 14 106 112 1140 14 0.2 0.1 0.7 −8.9
t2:134 23/06/04 18.2 7.6 110 26 6 280 450 26 13 110 94 1000 13 b0.05 0.2 0.6 −9.1
t2:135 29/07/04 28.4 7.9 80 18 1 280 470 24 17 113 87 1010 15 b0.05 b0.05 0.7 −9.0
t2:136 24/08/04 21.5 7.5 160 16 2 250 480 23 15 114 78 980 15 0.1 b0.05 0.7 −9.4
t2:137 21/09/04 16.4 7.5 90 15 1 240 510 23 16 116 78 1000 15 b0.05 b0.05 0.8
t2:138 26/10/04 16.5 7.8 140 16 2 230 480 22 15 111 73 950 16 0.7 0.2 b0.10
t2:139 23/11/04 15.4 7.4 100 16 1 250 490 25 15 116 78 990 15 b0.05 b0.05 b0.10 −8.7
t2:140 25/11/04 16.0 7.5 120 17 1 270 500 24 15 117 81 1020 15 b0.05 b0.05 b0.10 −9.2
t2:141 01/12/04 17 3 270 460 21 13 111 72 970
t2:142 13/12/04 14.6 7.8 190 16 3 300 480 23 15 114 75 1030 14 0.3 b0.05 0.6
t2:143 20/01/05 15.9 7.2 50 17 2 290 490 25 15 119 81 1040 14 b0.05 b0.05 0.5 −9.2
t2:144 01/03/05 13.1 7.9 170 18 3 290 460 25 15 116 82 1010 12 0.2 b0.05 b0.10 −9.0
t2:145 06/04/05 14.9 7.6 80 18 3 280 490 27 16 119 83 1040 14 b0.05 b0.05 b0.10
t2:146 27/04/05 19.0 7.8 100 21 3 310 480 25 15 128 78 1060 11 b0.05 b0.05 b0.10 −9.2
t2:147 08/06/05 15.4 7.3 100 21 5 310 490 26 15 126 85 1080 14 b0.05 b0.05 b0.10 −9.0
t2:148 05/07/05 17.3 7.4 190 19 3 280 540 24 16 130 82 1090 15 0.2 0.1 b0.10 −9.0
t2:149 25/07/05 16.3 7.3 50 21 4 300 560 24 17 120 81 1130 14 b0.05 b0.05 1.2 −9.4
t2:150 30/08/05 16.3 7.4 170 18 2 290 510 23 16 126 77 1060 14 0.23 0.05 1.5 −9.3
t2:151 27/09/05 16.0 7.5 −20 17 6 280 520 24 16 108 81 1050 13 b0.05 b0.05 2.6 −9.2
t2:152 27/10/05 15.5 7.7 120 21 10 290 520 25 16 120 93 1090 13 b0.05 0.08 2.1
t2:153 28/11/05 14.5 7.5 23 0 310 530 26 17 123 95 1120 13 b0.05 b0.05 2.0 −8.7
t2:154
t2:155 9
t2:156 14/04/03 15.4 7.2 370 31 5 250 460 23 4 87 126 990 10 0.1 0.1 1.1 −8.7
t2:157 29/05/03 23.7 7.7 280 27 3 220 400 20 6 84 97 860 14 0.1 b0.05 b0.10
t2:158 28/10/03 15.6 7.1 170 23 7 150 490 20 8 90 84 870 13 0.1 b0.05 0.7 −9.2
t2:159 26/11/03 18.3 7.5 110 27 6 220 530 24 8 88 114 1020 12 0.1 b0.05 0.5 −8.7
t2:160 15/12/03 15.6 7.5 170 33 9 240 510 30 7 86 141 1050 10 0.1 0.1 0.6 −8.4
t2:161 21/01/04 15.2 7.1 150 35 7 250 530 26 4 86 146 1080 b0.05 b0.05 0.4 −8.4
t2:162 17/02/04 14.1 7.5 200 33 5 230 510 25 4 90 134 1030 b0.05 b0.05 0.4 −8.7
t2:163 16/03/04 14.3 6.9 250 37 6 260 560 27 3 87 159 1140 b0.05 b0.05 0.5 −8.5
t2:164 20/04/04 15.8 7.0 180 34 5 250 600 28 4 96 154 1170 0.1 0.3 0.6 −8.6
t2:165 25/05/04 16.2 6.9 140 33 9 280 650 27 4 93 162 1260 13 0.1 0.1 0.2
t2:166 23/06/04 19.5 7.3 110 25 4 200 540 20 6 98 117 1010 13 b0.05 b0.05 0.2 −8.4
t2:167 29/07/04 17.2 7.3 60 26 1 200 530 20 8 103 81 970 14 b0.05 b0.05 0.4 −9.1
t2:168 24/08/04 16.4 7.2 150 23 3 170 560 20 9 104 84 970 15 0.1 b0.05 0.5 −9.0
t2:169 21/09/04 18.3 7.2 70 34 3 170 550 27 9 102 99 990 15 0.1 b0.05 0.4
t2:170 25/10/04 19.5 7.2 100 22 4 160 560 20 8 104 89 970 16 0.3 0.1 0.1 −9.1
t2:171 23/11/04 26.9 7.7 90 22 4 160 540 19 8 101 89 940 15 b0.05 b0.05 b0.10 −9.2
t2:172 25/11/04 26.5 7.7 90 22 5 170 540 23 8 103 89 960 16 b0.05 b0.05 b0.10
t2:173 01/12/04 25 6 180 460 16 4 87 79 860
t2:174 13/12/04 14.9 7.7 180 23 6 190 490 19 7 96 85 920 15 0.3 0.1 b0.10 −8.8
t2:175 20/01/05 16.0 6.8 40 24 5 190 500 20 7 101 92 940 14 b0.05 b0.05 b0.10 −9.2
t2:176 01/03/05 15.8 7.4 150 30 7 190 480 28 8 89 101 930 13 0.1 b0.05 b0.10 −9.0
t2:177 06/04/05 21.4 7.6 27 6 210 520 19 8 99 94 980 15 b0.05 b0.05 b0.10
t2:178 27/04/05 16.6 7.5 110 47 15 260 490 30 7 100 124 1070 11 b0.05 b0.05 b0.10 −9.1
t2:179 08/06/05 17.0 7.1 80 31 7 210 520 20 7 102 108 1000 13 b0.05 b0.05 b0.10 −8.7
(continued on next page)
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t2:180 Table 2 (continued)
t2:181 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:182 (mV) mg/l Ppb ‰ V-SMOW
t2:183 9
t2:184 05/07/05 17.3 7.3 190 29 3 170 560 17 8 105 96 990 14 0.1 0.1 b0.10 −9.2
t2:185 26/07/05 20.8 7.0 70 31 1 190 530 18 8 105 97 980 13 b0.05 b0.05 b0.10 −9.2
t2:186 30/08/05 17.8 7.5 140 31 4 200 460 17 8 95 83 900 13 0.2 0.1 1.1 −9.0
t2:187 27/09/05 27.2 7.4 −40 31 8 180 490 19 8 88 84 910 13 b0.05 b0.05 1.2 −9.1
t2:188 27/10/05 16.5 7.4 100 33 97 200 480 21 7 97 100 1040 10 b0.05 0.1 0.8
t2:189 28/11/05 19.4 7.5 −20 30 6 190 510 20 8 97 97 960 15 b0.05 b0.05 0.7 −9.0
t2:190 13/12/05 14.9 7.3 140 34 10 220 490 23 7 99 96 980 13 0.1 0.1 0.8
t2:191
t2:192 10
t2:193 16/03/04 10.6 7.6 230 28 30 450 590 24 6 130 200 1460 7 0.1 b0.05 0.2 −8.3
t2:194 20/04/04 13.3 7.4 180 22 33 440 550 23 6 130 190 1380 11 0.3 0.4 0.5
t2:195 25/05/04 13.6 7.3 150 24 38 490 730 25 7 140 210 1660 15 0.4 0.1 0.4 −8.3
t2:196 23/06/04 13.4 7.5 90 21 27 450 630 26 9 150 170 1480 13 b0.05 0.1 0.5 −8.5
t2:197 29/07/04 15.8 7.4 130 21 15 350 520 28 13 130 110 1180 13 b0.05 b0.05 0.3
t2:198 22/09/04 14.1 7.6 −160 20 1 360 500 27 13 120 110 1150 12 0.1 b0.05 0.3
t2:199 26/10/04 15.4 7.7 140 21 4 340 450 28 13 120 100 1070 14 0.4 0.1 b0.10 −8.4
t2:200 23/11/04 13.1 7.6 90 28 17 480 610 33 11 150 180 1510 14 b0.05 b0.05 b0.10
t2:201 13/12/04 8.6 7.5 150 27 7 520 590 31 9 140 170 1500 15 0.3 0.1 b0.10 −8.3
t2:202 01/03/05 12.1 7.6 130 27 25 470 590 27 8 130 170 1440 11 0.2 0.1 b0.10
t2:203 06/04/05 13.3 6.9 50 25 25 400 570 28 9 130 150 1330 11 b0.05 b0.05 b0.10 −8.7
t2:204 27/04/05 13.9 7.7 220 29 46 440 580 31 10 140 180 1450 b0.05 0.1 b0.10 −8.2
t2:205 08/06/05 13.9 7.4 120 27 22 410 680 25 7 140 190 1510 12 b0.05 b0.05 b 0.10 −9.3
t2:206 26/07/05 14.6 7.1 60 28 16 310 470 24 12 110 100 1070 10 b0.05 b0.05 0.4 −9.1
t2:207 30/08/05 16.1 7.5 200 22 7 300 470 25 13 120 90 1040 12 b0.05 b0.05 1.4 −8.6
t2:208 27/09/05 14.2 7.4 −70 28 23 370 500 29 12 100 120 1190 11 b0.05 b0.05 1.8
t2:209 28/11/05 13.1 7.4 20 34 13 520 630 33 10 150 200 1600 12 b0.05 b0.05 1.8 −8.3
t2:210 13/12/05 10.2 7.5 160 35 14 530 580 34 8 150 180 1530 13 b0.05 b0.05 1.4
t2:211
t2:212 12
t2:213 30/05/03 14.4 6.2 90 7.3 0 170 520 28 4 60 140 930 25 0.1 0.9 b0.10 −9.9
t2:214 27/10/03 14.0 7.0 −190 12.2 3 160 560 30 3 59 120 960 21 0.1 0.8 0.2 −10.0
t2:215 26/11/03 14.2 6.9 −240 8.4 0 170 520 26 4 62 140 930 22 0.1 0.7 0.1 −9.1
t2:216 15/12/03 13.2 7.2 120 7.6 0 170 530 27 4 63 140 940 20 0.4 0.8 0.4 −10.1
t2:217 21/01/04 14.2 6.9 −150 8.1 0 180 560 29 5 66 130 990 21 b0.05 0.7 0.2 −9.8
t2:218 17/02/04 13.8 7.0 50 8.0 0 170 510 28 4 64 130 920 23 b0.05 b0.05 0.1 −9.9
t2:219 16/03/04 14.8 7.1 −30 8.3 0 180 520 28 4 65 140 950 22 b0.05 0.0 0.1 −10.0
t2:220 20/04/04 15.5 6.8 −80 8.1 2 180 560 27 4 71 130 980 24 0.1 5.0 0.1 −9.9
t2:221 24/05/04 14.3 7.0 −80 7.3 2 180 550 27 4 66 130 960 25 1.6 1.0 b0.10 −9.9
t2:222 23/06/04 14.4 7.0 −100 7.1 1 180 520 26 4 70 130 930 26 b0.05 0.8 b0.10 −9.8
t2:223 28/07/04 15.6 6.9 −30 7.4 1 180 520 28 4 66 100 910 25 b0.05 b0.05 b0.10 −9.9
t2:224 24/08/04 14.7 6.6 −110 6.5 1 180 520 27 4 67 100 910 24 b0.05 0.7 b0.10
t2:225 21/09/04 14.7 6.9 −120 7.4 4 180 540 27 4 68 110 940 24 0.1 0.7 b0.10
t2:226 26/10/04 14.7 7.1 −20 7.7 1 170 500 27 4 64 130 910 26 2.0 1.7 b0.10 −10.2
t2:227 23/11/04 14.1 6.6 −120 7.4 1 170 520 27 4 64 130 930 26 b0.05 0.9 b0.10 −9.9
t2:228 15/12/04 11.4 7.2 60 7.8 1 180 520 28 4 63 130 940 26 0.8 0.9 b0.10 −10.1
t2:229 18/01/05 14.1 6.8 −100 6.2 1 180 530 31 4 66 130 950 27 b0.05 0.9 b0.10 −9.7
t2:230 02/03/05 13.8 7.2 −40 8.6 1 190 520 27 3 62 130 940 25 0.2 0.9 b0.10
t2:231 05/04/05 14.2 7.0 −100 8.8 1 170 530 28 4 63 130 940 25 b0.05 0.9 b0.10 −9.6
t2:232 27/04/05 14.4 7.1 40 9.0 2 190 560 27 4 70 130 990 24 0.1 0.9 b0.10 −9.8
t2:233 07/06/05 14.2 6.7 −90 7.9 2 190 520 27 4 66 140 950 25 b0.05 1.0 b0.10 −9.9
t2:234 05/07/05 15.0 7.1 −40 7.2 1 170 540 25 4 70 120 950 24 0.2 1.0 b0.10 −10.2
t2:235 25/07/05 14.4 6.7 80 7.4 4 180 520 26 4 68 130 940 23 b0.05 0.8 b0.10 −9.7
t2:236 30/08/05 16.2 7.0 −30 8.6 2 180 520 27 4 70 120 930 24 0.1 0.9 b0.10 −10.0
t2:237 28/09/05 14.3 6.9 −90 6.3 2 170 520 27 4 65 130 930 25 b0.05 0.9 b0.10
t2:238 26/10/05 14.9 7.0 −40 6.2 2 170 520 27 4 66 120 920 25 b0.05 0.8 0.8
t2:239 28/11/05 14.3 6.8 −310 12.2 0 190 530 28 4 70 140 970 25 b0.05 0.8 0.2 −9.9
t2:240 13/12/05 13.1 7.0 30 8.2 1 190 530 25 3 70 130 950 26 b0.05 0.7 0.2
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t2:241 Table 2 (continued)
t2:242 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:243 (mV) mg/l Ppb ‰ V-SMOW
t2:244 14
t2:245 14/04/03 12.4 6.8 340 47 108 260 500 37 16 40 220 1230 8 0.1 0.1 b0.10 −8.9
t2:246 29/10/03 14.6 6.8 30 40 97 190 550 35 17 43 200 1170 8 0.1 0.3 0.6 −9.3
t2:247 27/11/03 13.7 7.1 140 40 102 190 590 35 19 43 220 1240 9 0.1 b0.05 0.5 −9.2
t2:248 15/12/03 13.1 7.0 280 48 118 210 460 39 20 44 210 1150 8 b0.05 b0.05 0.9 −8.9
t2:249 22/01/04 11.0 6.9 80 49 119 220 500 42 19 45 220 1210 8 b0.05 b0.05 0.7 −9.2
t2:250 17/02/04 9.9 7.1 250 48 99 230 510 47 16 46 230 1230 6 b0.05 b0.05 b0.10 −9.2
t2:251 16/03/04 10.9 7.3 230 51 110 230 480 38 14 45 210 1180 6 0.1 b0.05 b0.10 −9.1
t2:252 20/04/04 13.8 6.8 190 45 109 240 470 37 17 45 210 1170 7 0.1 0.2 0.1 −9.0
t2:253 25/05/04 15.9 7.0 110 45 106 240 530 40 18 47 210 1240 10 1.1 0.1 0.2 −9.3
t2:254 24/06/04 16.8 6.9 40 43 93 230 470 39 22 47 200 1140 11 b0.05 0.1 0.3 −9.2
t2:255 29/07/04 19.0 7.1 140 36 106 220 460 39 18 43 170 1090 10 b0.05 b0.05 b0.10 −9.2
t2:256 24/08/04 18.1 6.8 80 39 92 210 450 39 17 44 160 1050 10 0.1 b0.05 b0.10 −9.3
t2:257 21/09/04 18.5 7.1 40 33 88 210 470 35 18 43 160 1060 10 0.1 b0.05 b0.10
t2:258 26/10/04 16.5 7.3 170 36 81 200 470 33 16 44 190 1070 11 0.8 0.2 b0.10
t2:259 25/11/04 13.4 6.9 90 38 80 200 520 35 17 46 170 1110 11 b0.05 b0.05 b0.10 −9.3
t2:260 15/12/04 11.8 7.6 180 35 86 220 490 34 17 43 200 1130 11 0.4 0.1 b0.10 −9.0
t2:261 19/01/05 10.5 6.7 70 40 81 230 520 37 19 47 210 1180 13 b0.05 b0.05 b0.10 −9.1
t2:262 02/03/05 43 96 230 490 35 17 45 220 1180 11 0.1 b0.05 b0.10 −9.0
t2:263 06/04/05 14.7 6.9 60 44 84 240 540 36 17 46 220 1230 12 b0.05 b0.05 b0.10
t2:264 27/04/05 12.0 7.7 110 29 64 120 570 39 31 39 170 1060 6 b0.05 0.1 b0.10 −9.2
t2:265 08/06/05 15.1 6.8 60 44 89 240 490 38 20 48 210 1180 9 b0.05 0.1 b0.10 −9.0
t2:266 05/07/05 21.2 6.9 70 41 86 220 510 32 14 49 210 1160 8 b0.05 0.1 b0.10 −9.2
t2:267 26/07/05 17.6 6.8 110 44 91 240 510 34 16 54 220 1210 8 b0.05 b0.05 0.5 −9.1
t2:268 30/08/05 17.9 6.7 120 42 90 230 560 32 12 52 210 1230 8 0.3 0.1 1.1 −9.2
t2:269 28/09/05 17.9 6.8 80 44 98 220 490 35 20 46 200 1150 8 b0.05 b0.05 0.5 −8.7
t2:270 27/10/05 16.7 7.0 60 45 105 220 500 35 14 47 210 1180 7 0.1 0.1 0.7
t2:271 13/12/05 11.1 7.2 140 48 86 250 490 36 16 50 220 1200 9 b0.05 0.1 0.7
t2:272
t2:273 16
t2:274 16/04/03 13.8 7.0 −60 9 0 550 560 15 2 88 240 1460 19 b0.05 1.8 b0.10 −9.9
t2:275 28/10/03 12.4 6.4 −20 13 0 540 610 17 3 97 240 1520 16 0.5 1.6 0.8 −10.0
t2:276 27/11/03 12.2 6.8 0 10 0 540 610 17 3 95 260 1540 18 0.1 1.6 0.5 −10.1
t2:277 16/12/03 9.4 7.1 50 22 0 510 530 17 3 94 250 1430 16 0.2 1.3 0.4 −9.7
t2:278 22/01/04 9.5 7.0 −50 9 0 510 520 18 3 94 240 1390 16 b0.05 1.3 0.4 −9.8
t2:279 18/02/04 10.0 7.1 50 9 0 520 510 17 3 90 250 1400 17 b0.05 b0.05 0.4 −10.0
t2:280 17/03/04 12.0 6.7 −30 9 0 500 520 17 3 91 240 1380 17 b0.05 b0.05 0.1 −9.8
t2:281 20/04/04 14.7 6.9 −30 9 0 520 480 17 3 100 230 1360 18 b0.05 b0.05 b0.10 −9.8
t2:282 25/05/04 18.0 6.9 −30 10 3 500 580 19 5 95 220 1430 19 1.6 1.7 0.2 −9.8
t2:283 23/06/04 16.7 7.1 −50 9 1 500 520 16 3 99 230 1380 21 b0.05 1.6 0.2 −9.9
t2:284 29/07/04 17.3 6.9 −30 9 1 550 520 17 3 96 210 1410 19 b0.05 b0.05 b0.10 −9.9
t2:285 24/08/04 17.2 6.8 −50 9 1 520 530 19 3 100 200 1380 19 0.2 1.7 b0.10 −9.9
t2:286 21/09/04 15.9 6.9 −80 7 1 490 540 18 3 103 220 1380 19 0.1 b0.05 b0.10
t2:287 26/10/04 14.7 7.1 −40 8 1 530 500 16 2 98 240 1400 20 0.6 2.1 b0.10
t2:288 25/11/04 12.8 6.8 −50 8 1 530 520 18 4 97 240 1420 20 b0.05 1.8 b0.10 −10.0
t2:289 14/12/04 9.7 7.2 40 10 1 610 560 18 2 95 240 1540 20 0.7 1.9 b0.10 −10.1
t2:290 19/01/05 10.8 6.5 −30 8 1 540 530 17 2 98 250 1450 20 b0.05 1.9 b0.10 −10.1
t2:291 02/03/05 17 2 590 490 17 3 94 250 1460 21 0.1 0.1 b0.10 −9.8
t2:292 06/04/05 12.7 7.0 −60 9 1 530 540 17 3 95 250 1440 20 b0.05 1.9 b0.10
t2:293 27/04/05 16.4 7.2 −50 11 2 580 560 18 3 105 240 1520 19 b0.05 1.8 b0.10 −10.1
t2:294 08/06/05 15.6 6.9 70 16 1 600 540 17 3 105 250 1530 20 b0.05 2.0 b0.10 −9.8
t2:295 05/07/05 18.8 7.0 −50 9 1 560 530 16 3 106 240 1470 20 0.1 1.6 b0.10 −9.8
t2:296 26/07/05 17.5 6.8 −70 10 1 620 560 16 3 105 250 1560 17 b0.05 2.1 b0.10 −10.0
t2:297 30/08/05 18.4 6.9 −40 10 1 630 540 17 3 109 250 1560 14 0.3 1.9 b0.10 −9.7
t2:298 28/09/05 15.5 6.7 −70 8 4 570 540 17 3 96 250 1490 15 b0.05 2.0 b0.10 −9.9
t2:299 27/10/05 14.7 7.1 −60 8 2 560 550 16 3 98 250 1490 10 b0.05 1.9 0.4
t2:300 13/12/05 9.5 6.9 0 12 2 630 530 19 4 110 260 1570 11 0.1 1.8 0.5
(continued on next page)
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t2:301 Table 2 (continued)
t2:302 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:303 (mV) mg/l Ppb ‰ V-SMOW
t2:304 20
t2:305 15/04/03 12.8 7.2 210 105 190 220 340 51 17 41 210 1180 10 b0.05 b0.05 1.1 −9.0
t2:306 27/10/03 16.7 7.2 90 94 160 180 350 55 22 42 180 1070 11 0.2 b0.05 0.9 −9.3
t2:307 26/11/03 15.8 7.0 50 77 150 180 450 52 22 41 200 1180 11 0.1 b0.05 1.7 −9.2
t2:308 15/12/03 14.9 7.1 290 83 160 190 360 52 18 43 190 1080 10 0.1 0.2 0.8 −9.3
t2:309 21/01/04 13.4 7.1 90 88 160 200 430 55 18 45 200 1200 10 b0.05 b0.05 0.8 −9.2
t2:310 17/02/04 13.6 6.9 280 86 130 200 390 49 17 42 210 1110 9 0.1 b0.05 0.2 −9.0
t2:311 16/03/04 14.0 7.3 240 90 140 190 400 49 18 43 210 1130 7 0.1 b0.05 0.3 −9.0
t2:312 20/04/04 14.3 7.0 200 84 140 190 390 53 16 45 190 1110 7 0.2 0.2 0.3 −9.1
t2:313 25/05/04 14.9 7.0 140 85 140 190 410 52 17 46 190 1120 13 0.5 0.1 0.3 −9.3
t2:314 23/06/04 13.4 7.1 −40 85 130 200 410 54 18 51 190 1130 13 b0.05 b0.05 0.4 −9.1
t2:315 28/07/04 16.6 7.3 200 83 150 200 390 57 20 45 180 1140 13 b0.05 b0.05 0.3 −9.0
t2:316 24/08/04 16.1 7.2 80 83 140 200 430 60 21 47 180 1150 13 0.1 b0.05 0.4 −9.1
t2:317 21/09/04 17.7 7.2 80 77 130 190 430 56 20 47 180 1130 12 0.1 b0.05 0.3
t2:318 26/10/04 17.4 7.4 120 75 130 170 400 55 20 43 180 1070 14 0.4 0.2 b0.10
t2:319 25/11/04 15.5 7.3 110 76 130 170 430 54 20 44 190 1120 12 0.1 b0.05 b0.10 −9.3
t2:320 15/12/04 14.6 7.5 140 67 140 190 380 53 19 41 180 1070 14 0.3 0.1 b0.10 −8.9
t2:321 19/01/05 14.4 6.9 70 69 130 180 410 54 18 43 190 1090 12 b0.05 0.1 b0.10 −9.3
t2:322 06/04/05 13.9 7.1 80 81 140 210 430 52 17 41 190 1160 10 b0.05 b0.05 b0.10
t2:323 27/04/05 13.5 7.4 220 82 150 200 400 57 18 45 200 1160 10 0.1 0.1 b0.10 −9.2
t2:324 08/06/05 14.3 7.2 60 76 140 210 410 52 18 43 200 1140 10 b0.05 0.1 b0.10 −9.0
t2:325 05/07/05 15.8 7.7 120 77 140 190 370 51 19 46 170 1060 11 0.1 0.1 b0.10 −9.1
t2:326 26/07/05 16.1 7.2 60 73 150 250 410 45 19 51 170 1180 10 b0.05 b0.05 b0.10 −9.4
t2:327 28/09/05 16.9 7.1 −110 149 160 460 390 96 31 44 280 1620 10 b0.05 b0.05 1.9 −11.1
t2:328 27/10/05 16.1 7.3 90 120 180 450 390 78 33 47 290 1590 9 0.1 0.1 1.6
t2:329 28/11/05 14.3 7.2 −20 89 140 260 410 60 30 48 220 1260 12 b0.05 b0.05 1.4 −9.0
t2:330 13/12/05 14.3 7.2 140 83 140 250 400 52 24 45 210 1200 12 b0.05 b0.05 1.1
t2:331
t2:332 22
t2:333 14/04/03 14.7 7.5 170 104 0 110 350 190 10 24 24 810 17 b0.05 0.1 24 −11.0
t2:334 15/04/03 15.1 7.6 −90 101 0 110 340 180 11 26 24 790 17 0.1 0.1 23
t2:335 29/05/03 15.0 7.8 60 95 0 110 400 200 12 24 26 870 20 0.1 0.2 23
t2:336 27/10/03 14.5 7.7 70 83 5 90 480 180 11 25 23 900 15 0.1 0.1 18 −10.5
t2:337 26/11/03 14.2 7.4 −140 77 0 100 400 170 10 27 26 810 15 0.1 0.1 17 −10.7
t2:338 15/12/03 14.3 7.5 100 73 0 100 430 170 10 28 26 840 15 b0.05 0.1 17 −10.5
t2:339 21/01/04 14.2 7.9 −130 71 0 100 400 160 11 29 25 800 16 0.1 0.1 18 −10.9
t2:340 17/02/04 14.2 8.0 80 63 0 100 390 160 10 30 27 780 18 b0.05 b0.05 9 −11.1
t2:341 16/03/04 15.5 7.1 −10 72 0 100 400 170 9 29 27 810 17 b0.05 b0.05 9 −11.1
t2:342 20/04/04 16.2 7.5 −110 71 0 100 430 170 9 31 24 840 17 b0.05 0.1 15 −11.1
t2:343 25/05/04 18.3 7.6 50 83 2 100 440 180 9 28 23 860 16 0.3 0.2 8 −10.8
t2:344 23/06/04 15.0 7.8 −140 82 0 100 410 180 9 29 25 840 18 b0.05 0.1 9 −10.8
t2:345 28/07/04 15.6 7.8 −100 83 1 100 410 190 9 28 29 850 17 b0.05 0.1 11 −10.8
t2:346 24/08/04 15.3 7.6 −140 76 1 100 410 170 9 29 29 820 17 0.2 0.1 9 −11.1
t2:347 21/09/04 15.3 7.8 −190 76 1 100 410 180 9 30 29 840 17 0.1 b0.05 17
t2:348 26/10/04 15.5 7.8 −50 77 2 90 390 180 9 27 23 800 18 0.7 0.3 19
t2:349 23/11/04 14.8 7.6 76 1 90 420 180 10 28 24 830 18 b0.05 0.1 17 −11.2
t2:350 15/12/04 12.1 7.9 90 67 1 100 400 170 8 28 24 800 19 0.4 0.2 17
t2:351 19/01/05 14.5 7.8 −150 69 1 100 400 170 9 32 30 810 18 b0.05 0.1 19 −11.3
t2:352 02/03/05 14.1 8.7 −40 72 2 110 390 160 9 30 28 800 18 0.1 0.1 17 −11.0
t2:353 05/04/05 14.6 7.8 65 1 100 400 160 10 31 28 800 19 b0.05 0.1 17
t2:354 27/04/05 14.9 8.1 −110 76 2 120 420 190 11 31 29 880 17 b0.05 0.1 16 −11.2
t2:355 07/06/05 15.0 7.5 −110 65 2 110 400 160 11 32 30 810 18 b0.05 0.2 14 −10.9
t2:356 05/07/05 15.5 7.8 −100 56 1 110 400 140 10 33 28 780 18 0.1 0.3 13 −11.7
t2:357 25/07/05 15.4 7.6 −120 59 24 120 390 140 9 35 27 800 16 b0.05 0.1 15 −11.5
t2:358 30/08/05 16.9 7.8 −70 55 1 120 390 140 9 37 27 780 16 0.3 0.2 15 −11.1
t2:359 27/09/05 15.3 7.7 −190 57 2 110 400 150 9 28 26 780 16 b0.05 0.1 15 −10.9
t2:360 26/10/05 15.1 7.8 −90 54 2 110 400 150 10 32 27 780 17 b0.05 0.2 20
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t2:361 Table 2 (continued)
t2:362 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:363 (mV) mg/l Ppb ‰ V-SMOW
t2:364 22
t2:365 28/11/05 14.2 7.5 −320 48 1 110 400 140 8 35 30 770 17 b0.05 0.1 20 −11.3
t2:366 13/12/05 12.6 7.6 10 38 4 130 400 130 10 38 29 780 14 b0.05 0.1 17
t2:367
t2:368 23
t2:369 29/05/03 16.6 7.9 −20 12 0 56 400 150 11 13 16 660 19 b0.05 0.3 52 −10.7
t2:370 28/10/03 15.0 7.3 −230 15 2 50 420 140 14 14 14 670 15 b0.05 0.3 41 −11.3
t2:371 26/11/03 15.2 7.7 −210 13 0 55 410 140 9 13 15 660 15 b0.05 0.2 42 −11.2
t2:372 15/12/03 14.8 7.4 60 13 0 55 400 140 10 14 15 650 14 0.2 0.3 39 −11.2
t2:373 21/01/04 15.2 7.7 −180 14 0 56 410 150 9 15 16 670 15 0.1 0.3 44 −11.5
t2:374 17/02/04 14.2 8.2 130 13 0 55 430 150 10 14 16 690 17 0.1 0.3 16 −11.4
t2:375 16/03/04 15.5 6.8 −110 15 0 57 500 150 10 16 18 770 16 0.1 b0.05 9 −11.3
t2:376 20/04/04 16.5 7.5 −150 12 0 57 370 140 8 14 15 620 16 0.2 0.5 18 −11.3
t2:377 25/05/04 17.3 7.7 −120 13 2 59 440 140 8 15 15 690 18 0.4 0.6 18 −11.3
t2:378 23/06/04 15.7 7.9 −190 12 1 56 410 140 9 19 20 670 18 b0.05 0.3 18 −11.4
t2:379 28/07/04 16.5 7.9 −130 13 1 59 420 140 8 17 21 680 17 b0.05 b0.05 29 −11.4
t2:380 24/08/04 16.0 7.6 −160 12 1 56 430 140 9 17 20 690 17 0.1 b0.05 33
t2:381 21/09/04 16.1 7.8 −190 12 1 58 410 140 9 16 22 670 17 0.1 0.2 44 −11.3
t2:382 26/10/04 15.8 7.5 −70 12 1 52 390 140 8 15 15 630 18 0.4 0.5 44 −11.5
t2:383 25/11/04 15.3 7.7 −150 12 1 53 420 140 9 17 21 670 18 b0.05 0.3 42 −11.2
t2:384 15/12/04 13.0 7.3 −50 12 1 56 400 140 8 14 15 650 18 0.4 0.3 42 −11.5
t2:385 19/01/05 15.0 7.3 −160 11 1 58 420 140 8 17 20 680 18 b0.05 0.3 45 −11.3
t2:386 02/03/05 15.2 8.3 −140 13 2 58 390 140 8 14 15 640 18 0.2 0.4 44
t2:387 06/04/05 15.5 7.7 −170 20 2 53 430 140 9 17 20 690 18 b0.05 0.3 45 −11.5
t2:388 27/04/05 17.3 7.9 −170 14 2 66 430 160 10 15 15 710 18 0.6 4.0 69 −11.3
t2:389 08/06/05 15.6 7.6 −20 13 2 59 420 140 11 18 18 680 17 b0.05 0.4 41 −11.3
t2:390 05/07/05 17.0 8.0 −160 9 2 55 400 130 9 18 14 640 17 0.1 0.4 40 −11.5
t2:391 26/07/05 15.8 7.7 −170 14 2 61 420 140 9 18 16 680 10 b0.05 0.3 34 −11.2
t2:392 30/08/05 17.0 7.5 −160 18 2 58 410 140 8 17 14 670 15 0.3 0.3 36 −11.3
t2:393 28/09/05 15.7 7.6 −230 14 2 56 420 140 9 14 15 670 15 b0.05 0.3 37
t2:394 26/10/05 16.2 8.0 −140 12 3 57 420 140 9 15 15 670 12 0.1 0.3 39
t2:395 28/11/05 15.4 7.5 −360 12 2 60 430 140 10 19 21 690 16 b0.05 0.3 53 −11.5
t2:396 13/12/05 14.1 7.8 −100 14 2 60 420 140 7 17 16 680 16 b0.05 0.2 50
t2:397
t2:398 27
t2:399 23/06/04 70.6 8.3 −300 1070 7 190 66 690 15 1 140 2190 34 b0.05 b0.05 3.0 −9.2
t2:400 28/07/04 69.8 8.5 −230 1070 7 200 50 710 13 1 140 2190 34 b0.05 b0.05 1.2 −9.5
t2:401 23/08/04 69.6 8.4 −270 1070 5 200 34 690 13 1 150 2160 34 0.3 b0.05 1.2 −9.5
t2:402 22/09/04 70.1 8.4 −280 1060 7 200 31 680 14 0 140 2130 32 0.2 b0.05 1.4
t2:403 26/10/04 66.7 8.3 −270 1060 4 180 6 670 15 1 130 2060 29 2.3 0.7 3.3 −9.2
t2:404 24/11/04 69.9 8.6 −270 1110 5 190 28 680 13 0 140 2160 34 b0.05 b0.05 2.7 −9.4
t2:405 14/12/04 69.2 8.4 −350 1070 5 210 23 680 12 0 130 2120 34 0.9 0.1 2.4 −9.5
t2:406 18/01/05 70.0 8.2 −260 1050 5 200 26 680 12 0 140 2110 30 b0.05 b0.05 b0.10 −9.5
t2:407 05/04/05 69.8 8.3 −250 1080 5 180 24 690 14 0 140 2140 29 b0.05 b0.05 1.9
t2:408 26/04/05 70.2 8.5 −250 1140 12 200 24 720 15 0 140 2260 27 0.4 b0.05 0.6 −9.5
t2:409 07/06/05 69.8 7.9 −260 1110 9 200 24 690 20 0 130 2180 28 b0.05 b0.05 b0.10 −9.3
t2:410 04/07/05 69.6 8.2 −260 1100 9 190 29 650 14 1 130 2120 27 b0.05 0.1 b0.10 −9.3
t2:411 25/07/05 69.7 8.0 −260 1190 7 210 33 670 13 1 130 2260 25 b0.05 b0.05 5.7 −9.4
t2:412 29/08/05 70.4 8.2 −250 1140 7 210 39 680 16 2 140 2230 24 0.3 0.1 6.8 −9.3
t2:413 27/09/05 69.3 8.1 −380 1080 8 190 30 680 15 1 130 2130 24 b0.05 b0.05 5.1 −9.2
t2:414 27/10/05 69.0 8.2 −210 1100 8 200 93 690 15 1 130 2230 25 b0.05 0.1 7.6
t2:415 28/11/05 68.0 8.0 −390 1190 4 210 24 700 13 0 140 2290 21 b0.05 b0.05 7.8 −9.4
t2:416
t2:417 30
t2:418 29/05/03 28.3 7.5 140 20 86 104 370 12 1.3 34 150 780 13 0.2 0.1 b0.10 −8.9
t2:419 19/04/04 13.4 7.0 240 23 96 114 400 14 1.7 37 160 850 8 0.1 0.7 0.9 −9.0
(continued on next page)
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t2:420 Table 2 (continued)
t2:421 T °C pH Eh Cl− NO3
− SO4
2− Alk Na+ K+ Mg2+ Ca2+ TDS Si Al Fe As δ18O
t2:422 (mV) mg/l Ppb ‰ V-SMOW
t2:423 30
t2:424 24/05/04 14.5 7.0 290 25 111 119 410 14 2.0 41 160 880 13 1.2 0.1 0.3 −8.8
t2:425 22/06/04 15.0 7.3 90 22 88 108 410 13 2.0 41 160 850 14 0.3 1.9 0.2 −8.8
t2:426 27/07/04 15.1 6.9 190 14 60 95 490 10 1.6 36 130 840 12 b0.05 b0.05 b0.10 −8.9
t2:427 23/08/04 15.0 6.9 80 16 36 92 470 10 2.0 37 130 790 12 0.1 b0.05 b0.10
t2:428 22/09/04 15.9 7.1 130 14 49 95 470 9 1.6 37 150 830 12 0.1 b0.05 b0.10 −9.9
t2:429 26/10/04 16.3 7.4 250 15 53 92 420 9 2.0 36 150 780 12 0.4 0.1 b0.10 −9.1
t2:430 24/11/04 7.3 70 15 51 89 470 10 2.5 37 160 830 13 b0.05 b0.05 b0.10 −8.8
t2:431 14/12/04 11.6 7.0 200 14 53 94 460 9 1.5 35 160 820 14 2.2 0.1 b0.10 −9.2
t2:432 19/01/05 12.4 6.9 70 14 50 95 470 9 1.7 36 160 830 12 b0.05 0.6 b0.10 −8.6
t2:433 02/03/05 12.4 7.2 60 17 65 101 410 10 1.8 35 150 790 11 0.2 0.1 b0.10
t2:434 06/04/05 13.5 7.2 120 17 66 94 450 10 1.7 37 160 840 12 b0.05 b0.05 b0.10 −9.2
t2:435 27/04/05 12.9 7.5 220 20 72 113 430 11 1.9 38 160 850 11 0.1 b0.05 b0.10 −8.8
t2:436 08/06/05 14.1 6.9 170 16 57 98 460 9 1.7 38 160 840 11 b0.05 0.1 b0.10 −9.1
t2:437 05/07/05 16.7 7.5 150 16 54 89 480 8 1.7 41 150 840 11 0.1 0.1 b0.10
t2:438 26/07/05 14.8 7.5 −40 18 59 100 450 9 1.9 41 150 830 10 b0.05 b0.05 0.3 −9.0
t2:439 30/08/05 16.4 7.3 230 20 58 96 420 7 1.7 40 150 790 10 0.3 0.1 0.6 −9.0
t2:440 28/09/05 14.2 6.8 120 16 63 93 460 8 1.8 37 160 840 10 b0.05 b0.05 0.4
t2:441 27/10/05 13.6 7.0 110 17 64 96 460 19 1.4 38 160 850 10 b0.05 b0.05 0.8
t2:442 13/12/05 11.7 7.2 240 17 56 95 440 11 2.6 37 150 810 11 b0.05 b0.05 1.0
t2:443
t2:444 31
t2:445 16/04/03 16.7 7.9 90 82 43 1330 500 410 9 129 200 2710 10 0.1 0.2 1.1 −9.8
t2:446 28/10/03 13.3 6.1 190 48 4 970 550 370 8 108 120 2180 13 b0.05 b0.05 0.5 −9.5
t2:447 26/11/03 13.8 6.1 100 51 4 990 620 380 10 113 150 2310 8 0.1 b0.05 0.5 −9.9
t2:448 16/12/03 11.6 160 52 6 980 570 370 10 119 150 2260 6 0.1 b0.05 0.7 −9.5
t2:449 21/01/04 13.4 6.3 150 76 18 990 590 340 9 136 160 2320 7 b0.05 b0.05 0.7 −9.4
t2:450 18/02/04 13.7 6.8 180 80 14 930 590 310 9 136 180 2250 7 b0.05 b0.05 0.3 −9.7
t2:451 17/03/04 14.7 7.8 180 197 175 1000 580 120 7 180 370 2630 10 0.1 b0.05 0.5 −9.0
t2:452 20/04/04 14.9 7.2 200 176 184 1010 510 150 8 185 330 2560 11 0.1 0.3 0.4 −9.1
t2:453 25/05/04 16.8 6.7 120 115 98 1280 610 130 8 210 330 2780 14 1.0 0.4 0.4 −9.8
t2:454 23/06/04 15.5 7.0 60 99 64 1280 530 400 10 65 340 2790 13 0.1 b0.05 0.4 −9.5
t2:455 29/07/04 17.3 7.0 90 76 32 1420 500 510 7 105 170 2810 10 b0.05 b0.05 0.4 −10.2
t2:456 25/08/04 16.0 7.2 10 64 32 1340 430 580 6 85 130 2670 9 0.2 b0.05 0.4
t2:457 21/09/04 15.4 6.9 40 57 9 1450 440 660 7 61 100 2790 8 0.1 b0.05 0.5
t2:458 25/10/04 14.5 6.5 110 51 17 1280 450 650 6 56 79 2590 9 0.9 1.5 0.4 −10.5
t2:459 25/11/04 14.1 6.5 90 53 8 1320 450 660 7 53 75 2630 8 b0.05 0.1 b0.10 −10.7
t2:460 14/12/04 11.7 6.8 180 47 20 1460 420 680 6 44 66 2740 7 1.0 0.2 b0.10 −10.5
t2:461 19/01/05 13.3 6.4 0 46 12 1360 420 700 7 45 65 2660 10 b0.05 b0.05 b0.10 −10.8
t2:462 06/04/05 15.0 7.2 −110 49 9 1390 430 690 8 42 60 2670 9 b0.05 b0.05 b0.10
t2:463 26/04/05 15.6 7.5 40 49 6 1640 390 780 13 36 43 2950 6 0.6 1.2 b0.10 −10.8
t2:464 08/06/05 15.3 6.9 130 49 11 1540 430 720 14 47 57 2880 6 b0.05 0.1 b0.10 −10.2
t2:465 04/07/05 15.4 7.3 100 39 2 1450 390 740 6 27 29 2690 5 0.1 0.1 b0.10 −10.9
t2:466 26/07/05 16.5 6.8 10 49 6 1420 440 700 7 43 47 2710 7 b0.05 b0.05 0.8 −10.7
t2:467 30/08/05 15.2 7.8 −150 39 3 1510 430 780 8 26 26 2810 9 0.3 0.3 2.6 −10.9
t2:468 28/09/05 16.2 6.7 −60 47 6 1430 460 630 7 68 76 2730 11 b0.05 0.1 1.7 −10.3
t2:469 26/10/05 14.5 7.8 −110 37 2 1420 420 790 6 19 23 2710 14 b0.05 0.4 1.3
t2:470 28/11/05 13.2 7.0 −60 52 8 1350 430 640 13 59 70 2620 12 b0.05 b0.05 0.8 −10.7
t2:471 13/12/05 14.0 7.8 −60 42 0 1540 400 760 12 31 32 2820 11 b0.05 0.2 0.8
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The major ion contents indicated prevalent Ca-
bicarbonate and Na-bicarbonate compositions. Both
sulphate- and chloride-rich compositions were observed
in a limited number of water samples, as shown in the
triangular diagrams of Fig. 4a,b.Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemThe waters circulating in the shallow phreatic
aquifer, mostly hosted within quaternary alluvial
deposits, had a Ca–HCO3 composition, with some
enrichment in sulphate. Some wells (i.e. samples 14, 15,
20, 21, 30, see location map of Fig. 2) showed a fairof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 3. δ18O vs. δD scatter plot. The lines representing both the global
meteoric water line (MWL δD=8δ18O+10; Craig, 1961) and the
Eastern Mediterranean water line (EMWL, δD=8δ18O+22; Gat and
Carmi, 1970) are also plotted.
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ARTICLE IN PRESScorrelation between the sulphate contents and NO3 and
Ca, thus suggesting a contribution of fertilizer-polluted
waters, drained by alluvial deposits. In other samples,
the SO4 contents derived from the leaching of the
Messinian evaporites underlying the alluvial deposits
(i.e. samples 13, 26).
Reducing springs and artesian wells had a prevalently
sodium-bicarbonate composition. Samples 3, 4, 22, 23,
24, 25 have been ascribed to this group. Samples 22, 23,
24 and 25 are artesian wells (100, 180, 190 and 100 m
deep, respectively), which spill out from a confinedUN
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EC
Fig. 4. a) Triangular diagram representing the relative proportion of Na+K, M
Mg-dominated and Ca-dominated waters are indicated. Relative concentrati
fields regarding chloride waters, bicarbonate waters and sulphate-rich waters
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aquifer probably hosted in relatively more permeable
levels of upper Oligocene–Miocene marls. The water
stable isotopes, physico-chemical parameters, high CH4
contents, and the proportion of major ions (Fig. 4) make
these waters very similar to that of site no. 4, a spring
water that outpours from the same sediments which crop
out a few kilometres south of the artesian wells. In
proximity of Nizza Monferrato, Miocene marls extend
below Miocene–Pliocene sediments where artesian
wells have been drilled (see lithological map, Fig. 2
and geological section, Fig. 5). As shown in Fig. 5, the
wells described probably tap the same aquifer as artesian
wells nos. 11 and 12 (90 and 50 m deep, respectively),
and as well no. 5 (a few meters deep), which have Ca–
HCO3 composition. The change from a Ca–HCO3-rich
to an Na–HCO3-rich composition is paralleled by pH-
increase (Fig. 6), suggesting that groundwater evolves
towards moremature stages of leaching, characterised by
extensive CO2 titration and increase of Na, probably due
to incongruent dissolution of albite (Gíslason and
Eugster, 1987; Marini et al., 2000; Stefánsson and
Gíslason, 2001). Therefore, samples nos. 11, 12 and, to a
lesser extent, 5 represent the more immature terms of this
process.
A small group of samples (wells 8, 9, 10) has a Ca–
Mg–HCO3 composition (Fig. 4). They are hand-exca-
vated wells, a few meters deep. As observed in Fig. 5,
these wells tap Upper Oligocene–Miocene marls, but
are probably also fed by waters circulating in Messiniang and Ca in Monferrato waters, where the fields of alkali-dominated,
ons are on a weight basis; b) Cl–SO4–HCO3 triangular diagram. The
have been differentiated.
of groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 5. a, b Interpretative geological sections in the study area. The tracks of the sections have been drawn in Fig. 2. The vertical scale is magnified.
Sampled waters tap different aquifers, where different physico-chemical conditions hold. Artesian wells 12, 22 and 23 and spring 4 tap the locally
confined aquifer, hosted in clayey and marly sediments of Oligocene–Miocene age, where CH4 pockets occur associated to brackish waters. Wells 6,
7, 8, 9 and 10 tap the phreatic portion of the aquifer hosted in the same marly sediments, where the impermeable cover of overlying Miocene clays is
lacking. These wells have also been contaminated by waters either circulating in quaternary alluvial deposits or in Miocene evaporitic deposits. Wells
1 and 31 tap gypsum-bearing clays and marly clays of Upper Miocene age.
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deposits, as suggested by their sulphate contents (up to
520 mg/l).
The springwaters collected inAgliano Terme (sample
1) typify Na–Cl waters, although they are also SO4-rich
(Fig. 4), as does sample no. 3 and some samples collected
from well 6. The Na–Cl-rich composition could be
referred to the upraising of brackish waters trapped in
Miocene sediments, widely recognised in the Po plain
(Conti et al., 2000). These waters are frequently
associated with CH4 and oil pockets, squeezed from
the sediments in correspondence to compressive tectonic
structures like those characterising the Monferrato
region (Cassano et al., 1986). Besides dominant NaUN
CO 393394395
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Fig. 6. Na-pH binary diagram. The results of the two reaction path
models have been drawn as curves 1 and 2.
Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTEand Cl ions, significant As contents were measured (upto 44 ppb), a common feature in brackish waters from the
Po plain (Zavatti et al., 1995).
Waters circulating inMessinian evaporitic deposits are
characterized by high sulphate contents, as typified by
samples 2, 16, 17, 31, 1; however significant differences
between these samples can be observed. Samples 2, 16
and 17 have a typical Ca–SO4 composition, as expected
from gypsum dissolution, while sample 31 ranges in
composition from a Ca–SO4 to an Na–SO4-rich compo-
sition. Again, the Na-rich composition, not paralleled by
comparably high Cl contents, can be ascribed to a mature
stage of water–rock interaction. In sample 1, high SO4
contents (about 2000 mg/l) are paralleled by even higher
Na (2500–2800mg/l) and Cl contents (3400–3900mg/l),
as frequently measured in brackish waters of the Po Plain
(Conti et al., 2000). Additionally, the higher Si contents in
sample 1 (up to 25 mg/l) claim for a higher equilibration
temperature than that measured at the spring. This feature,
together with the water's reducing redox potential and
more negative δ18O values, claim for water circulation at
deeper levels of the Messinian sequence than that of the
other sulphate-rich waters.
The described range of water types is ascribed to the
wide array of lithologies cropping out in the study area
and to the extent of water–rock interaction and theof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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of secondary minerals.
Besides the variability of thewater chemistry displayed
by the samples analysed, some significant temporal trends
can be observed at some sites, probably due to the exis-
tence of superposed water bodies, chemically inhomoge-
neous, which occasionallymixwith each other. This could
be attributed to the stress field acting in the study area,
which has recently given rise to moderate seismicity
(INGVand RSNI data, www.ingv.it, www.dister.unige.it/
geofisica). Furthermore, in some sites, namelywells nos. 8
and 9, significant as well as abrupt temperature changes,
non-attributable to seasonal effects, have been observed.
4.2. Mineral-solution equilibria
To represent the extent of water–rock interaction in the
TPB aquifers, speciation calculations were performed by
EQ3NR software (Wolery, 1992) and saturation state withUN
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Fig. 7. Activity diagram Log (Mg/H+2) vs. Log (SiO2(aq)), showing
stability compositional fields of some relevant secondary mineral
phases, drawn at 1 bar pressure and both 15 (dotted line) and 25°C
(solid line) using thermodynamic data from the data0.com.R2 database
(Wolery and Daveler, 1992). For comparison, the saturation lines of
amorphous silica at different temperatures have been plotted. The
compositional lines (identified by numbers), relative to model solutions
computed through reaction path modelling, are also shown. The results
of the different reaction path simulations have been drawn; they were
performed at the conditions indicated at the bottom of the graphs.
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respect to secondary minerals was computed. Activity
diagrams were used to represent the attainment of equi-
librium with some secondary minerals, frequently en-
countered in shallow sedimentary environments. In the
activity diagrams of Fig. 7, Loga(Si02)aq is plotted against
Log
aMgþ2
a2
Hþ
 
. The stability field of Mg-beidellite, a com-
ponent of smectites, is represented in these plots on
account of stoichiometric constraints. In these plots, the
analysed waters fall in the stability fields of kaolinite and
along the boundary kaolinite–Mg–beidellite. Mature wa-
ters (samples no. 4 and some samples from wells 22, 23
and 31) fall at the boundary or within the field of chlorite.
Computed saturation indexes for some secondary
minerals have been plotted vs. pH or pɛ in Fig. 8. Calcite
was usually either at equilibrium or oversaturated in
most of the water samples. Sample 1 departs from the
general trend because of reducing conditions, which
make C(−3) and C(−4) stable species instead of oxidised
C(4) species. This is an artefact of speciation computa-
tion, which assumes equilibrium in the system, whereas
direct measurements of dissolved gases indicate CO2 as
the prevailing C species (Table 2). The saturation index
of both Fe(III)-hydroxide and goethite increases parallel
to pɛ, suggesting that Fe-precipitation occurs only in
oxidising conditions, whereas it remains in solution in
reducing environments. The water samples are generally
under saturated with respect to gypsum, particularly
those characterised by reducing Eh values, where the
prevailing sulphur oxidation state is −2. Pyrite is at
equilibrium only in reducing conditions (pɛb−2). For
two alkaline water samples (no. 3 and 4, with pHN8.9),
pyrite remains under saturated and strongly reducing
conditions would be required to precipitate it, as
expected in an Eh–pH relationship (Brookins, 1988).
4.3. Geothermometric estimations
Although outlet temperatures of the sampled wells and
springs are generally low (lower than 20 °C), some wells
episodically warmed up (up to 30 °C) during the period of
observation. This suggests that an aquifer at a temperature
higher than emission could exist in the neighbourhood of
Nizza Monferrato. Although in our minds it is clear that
geo-thermometry in such a low temperature environment
can give ambiguous results, we tried to provide a rough
estimation, necessary for further modelling.
Classic geo-thermometers are either empirical or
require that equilibrium exists among specific alteration
minerals (i.e. albite-K-feldspar, K-feldspar-clinochlore-
muscovite; see Fournier, 1991 and references therein),
assuming that the standard state of minerals is that ofof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 8. Computed saturation index for some secondary minerals. Dashed lines represent the equilibrium condition; over saturation with respect to
indicated solid phases is above the line and under saturation below.
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pure phases at any P,T conditions. In low temperature
systems, equilibrium is unusual; furthermore, smectites,
whose composition and thermodynamic data are poorly
defined, are very common alteration minerals.
For these reasons, we only focused on the samples
which appear to be relatively more mature waters and
therefore applied the method proposed by Reed and
Spycher (1984). Following this method, we computed the
saturation index with respect to a few possible alteration
minerals at various temperatures through PHREEQC
code (Parkurst and Appelo, 1999), operating with the
LLNL (Lawrence Livermore National Laboratory) data-
base. We thus obtained the most likely temperature range,
where the saturation index is nearly 0 for most minerals.
We selected calcite, amorphous silica, cristobalite
(α), chalcedony, quartz, beidellite-Mg, chlorite (clino-
chlore), kaolinite, illite, goethite, anhydrite from among
the alteration minerals we considered to be realistic.
The first difficulties arose from the measured contents
Al,whichwas involved in the computation of the saturation
index of many of the above mentioned minerals, which are
usually near the detection limit (50 ppb). As proposed by
Marini et al., (2000), we assumed the Al content to be
determined by equilibrium with kaolinite, at different
temperatures. Another cause of incertitude arose from the
erratic composition of the solid solutions (smectites and
chlorites).
Samples 1, 4, 22, 23 and some samples from well 31
were chosen as themostmaturewaters, due to their higher
pH and Na-enrichment. Bearing in mind the limitationsPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
Ddescribed, for sample 1 we evaluated an equilibriumtemperature of 40–45 °C. The minerals considered were
cristobalite, clinochlore, beidellite, whereas we neglected
calcite because it probably precipitates upon cooling until
outlet temperature, and amorphous silica, which is not
favoured by thermodynamics, although it is a common
mineral in sinters (Fig. 9a).
We estimated an equilibrium temperature in the range
35–40 °C for well 31, where the water is nearly at
equilibrium with chalcedony, illite, clinoptilolite, clino-
chlore (Fig. 9b). Samples 22 and 23 appear nearly at
equilibrium with most phases at about 40 °C and in the
range of 30–35 °C, respectively, based on the equilibrium
with beidellite, cristobalite (α), clinochlore (Fig. 9c,d).
Sample 4 shows an equilibrium temperature of 10–15 °C,
near to outlet temperature (Fig. 9e). This result, together
with the location of the wells affected by episodic heating
phenomena, suggests that the warm aquifer is confined to
a restricted area, near Nizza Monferrato.
5. Water–rock interaction and chemical evolution of
ground waters: Inverse and forward modelling
5.1. Inverse modelling
The inverse modelling approach in the study of
groundwater systems is the easiest way to evaluate mass
exchanges between waters related to some extent to the
same flow path. We applied the PRHEEQC code, version
2.11, operating with the LLNL database, to performof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
RR
EC
TE
D
PR
OO
F
529
530
531
532
533
534
535
536
537
538
540
541
542
543
544
545
546
547
548
549
550
551
552
553
Fig. 9. The saturation index of some selected minerals has been plotted versus temperature, following the method proposed by Reed and Spycher
(1984). Plots a, b, c, d, and e refer to samples 1, 31, 22, 23, and 4 respectively.
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COinverse modelling on a few evolutionary samples whichwe thought to be representative of different stages ofwater–rock interaction. This first modelling, togetherwith information on local petrography, gave us an idea of
which solid phases were probably involved in the water–
rock-interaction process; these were then used as con-
straints for the reaction path modelling.
The code solves a system of mass balance equations,
from the initial to the final water, for any component i,
written as:
XQ
q
cqaq Tm;q þ dm;q
 þXP
p
cm;pap þ
XR
r
cm;rar ¼ 0 ð1ÞPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemwhere Q indicates the number of aqueous solutions that
are included in the calculation, Tm,q is the total moles of
element or element valence state m in aqueous solution
q, δm,q is the analytical error adjustment to the number
of moles Tm,q, Cm,p is the coefficient of master species
m in the dissolution reaction for phase p, P is the total
number of reactive phases, Cm,r is the stoichiometric
coefficient of secondary master species m in redox
reaction r, and R is the total number of aqueous redox
reactions. αr and αp are the redox reaction and
dissolution reaction mass transfer amounts and αq is
the mixing fraction of solution q. The last aqueous
solution, number Q, is assumed to be formed from
mixing the first Q−1 aqueous solutions, or, cq=1 forof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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ARTICLE IN PRESSqbQ and cq=−1 for q=Q. The code solves similar
equations for alkalinity, electron and water balances
(Parkurst and Appelo, 1999). For an exhaustive
treatment of inverse modelling and relative applications,
see Glynn and Brown (1996), Parkhurst (1997),
Lecomte et al. (2005), and Glynn and Plummer
(2005). The user sets the compositions of both the
initial and the final waters and the phases allowed to
dissolve and/or precipitate, whilst the code provides the
total mass transfer of each selected phase.
We chose to simulate the following evolutionarywaters,
based on inferences described in Section 4.1: from samples
12 to 23, from samples 5 to 4, from samples 2 to 31.
Input data are temperature, pH, pe, major ion, Fe and
SiO2 contents.
We referred to the petrographical and mineralogical
data described in Section 2 to select the dissolving min-
erals and only picked out pure phases to keepmodelling at
a simple level. As regards the precipitating phases, we
selected those that were realistic for such low temperature
waters, based on available studies on low temperature
alteration parageneses of siliceous clastic rocks and/or
methamorphic and granitic minerals (Bottino et al., 1975,
Abercrombie et al., 1994). Additionally, we considered
those minerals resulting as being at equilibrium in pre-
liminary speciation calculations performed with EQ3NR
software, described in Section 4.2.UN
CO
RR
EC
Table 3
Results of inverse modelling
Simulation
Solution Initial
Final
Models obtained
Occurrence in models and
relative mole transfer: dissolving phases
Quartz
Albite
Maximum-microcline
Clinochlore-14A
Beidellite-Ca
Calcite
CO2(g)
Illite
Occurrence in models and
relative mole transfer: precipitating phases
Calcite
Clinochlore-14A
SiO2(am)
Cristobalite (alpha)
Kaolinite
Beidellite-Mg
Goethite
Pyrite
Clinoptilolite-Ca
CO2(g)
Illite
O2(g)
The amount of dissolving and precipitating minerals is expressed as mol/kg
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Simulation 1 describes the evolution from sample 12 to
sample 23 (Table 3). We selected quartz, albite, clino-
chlore, microcline, beidellite-Ca, illite, CO2 as dissolving
phases and calcite, clinochlore, SiO2(am), cristobalite, ka-
olinite, beidellite-Mg, goethite, clinoptilolite-Ca, CO2(g)
as precipitating phases As shown in Table 3, 3 models
were found. In all the models albite was always dissolved,
whereas calcite and clinochlore always formed. Beidel-
lite-Ca or -Mg which either dissolved or precipitated.
The evolution from sample 5 to sample 4 is repre-
sented by simulation 2, and the results are listed in
Table 3. Dissolving and precipitating phases were cho-
sen as in simulation 1. 64 models were found, where
albite always dissolved and calcite and a silica poly-
morph always precipitated. Microcline dissolved in 40
models, and illite in 24, while clinochlore dissolution
was less probable. Beidellite dissolved in 44 models and
precipitated in 32. Goethite and clinoptilolite precipi-
tated in 32 models each; kaolinite and clinochlore
precipitated in 28 models, whereas the precipitation of
illite was less probable. CO2 and O2 consumption were
required by all models.
Finally, simulation 3 represents the evolution from
sample 2 to sample 31, the results of which are listed in
Table 3. The reacting phases were the same as in the
previous models plus gypsum (both dissolving and
precipitating) and pyrite (precipitating). The code foundT
1 2 3
12 5 2
23 4 31
3 64 10
1 (2 ∙10−3) 0 0
3 (∼5 ∙10−3) 64 (5 ∙10−3) 10 (0.033)
1 (0.01) 40 (10−5–10−2) 3 (0.01)
0 12 (5 ∙10−4) 0
1 (0.024) 44 (∼0.013) 3 (0.016)
0 0 0
0 0 10 (∼0.013)
2 (∼0.08) 24 (4 ∙10−5) 0
3 (0.003) 64 (∼4 ∙10−3) 10 (∼0.01)
3 (1–7 ∙10−3) 28 (2 ∙10−4) 4 (6–10 ∙10−4)
0 32 (10−2–10−3) 5 (∼0.055)
0 32 (10−2–10−3) 5 (∼0.055)
1 (6.5 ∙10−4) 28 (10−2–10−3) 1 (0.01)
3 (3–8 ∙10−2) 32 (10−2–10−3) 6 (1–3 ∙10−2)
0 32 (4 ∙10−7) 1 (5 ∙10−7)
10 (10−7–10−8)
0 32 (2 ∙10−5) 3 (3 ∙10−5)
0 64 (0.002) 0
0 16 (10−2–10−3) 10 (10−2–10−3)
0 64 (10−7) 4 (2 ∙10−6)
water.
of groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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10 models, where albite and CO2(g) had always
dissolved, while microcline and beidellite had dissolved
in only 3 models. Among the precipitating phases,
calcite, pyrite, illite and a silica polymorph had always
precipitated, beidellite does in only 6 models, while
clinochlore, clinoptilolite, kaolinite and goethite were
less probable secondary phases. Oxygen consumption
resulted as being a fairly probable process.
A general result of all the models was the dissolution
of albite, which justifies Na enrichment during the
chemical evolution of groundwater. Calcite and a silica
polymorph always formed. Chlorite was most probably
a secondary phase, rather than a dissolving mineral.
Beidellite either dissolved or precipitated. Quartz
dissolution was an improbable process.
5.2. Reaction path modelling
Reaction path modelling was used to simulate the
wide range of water compositions encountered in the
study area, and to account for the different degrees of
interaction between aqueous solutions and host-rocks.
Differently from inverse modelling, reaction-path starts
from the mineralogy of the host-rock to reproduce water
composition, which evolves throughout the process.
Reaction path modelling was carried out by means of the
EQ3/6 software package, version 7.2b (Wolery and
Daveler, 1992). This software uses a composite thermo-
dynamic database (Data0.com.R2), developed by the
LLNL (Lawrence Livermore National Laboratory).
As leaching is essentially a non-equilibrium process,
water composition at a given step of the reaction path is
greatly dependent on the relative amount of dissolving
minerals and their dissolution kinetics. For this reason,
the modelling was developed in time mode, by using the
dissolution rate law developed by Aagaard and
Helgeson (1982), which is based on the transition state
theory (TST, Eyring, 1935). The EQ3/6 software
package uses the TST rate law as expressed by Wolery
and Daveler (1992):
ru ¼
dnu
dt
¼ sf R
JT
J¼1
kJ j
iT ;J
i¼1
aniJi
 
1 e ArJ RT
 	
ð2Þ
where rφ is the dissolution rate (mol·s
−1), s is the
mineral's physical surface area (cm2), f is the ratio of
reactive to physical surface area, and kJ stands for the
rate constant of each of the JT dissolution mechanisms
(in mol·cm−2·s−1). The bracketed terms are the kinetic
activity product and the affinity factor, respectively,
which account for the effects of the solution composi-
tion and distance from equilibrium; the kinetic activityPlease cite this article as: Federico, C., et al., Inverse and forward modelling
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product accounts for the effects of the solution
composition and the affinity factor accounts for distance
from equilibrium. The kinetic activity product takes into
account the species involved in the formation of the
activated complexes (Eyring, 1935) or in the precursor
species (Wieland et al., 1988), each raised to its specific
stoichiometric coefficient. Hydrogen ion and hydroxide
ions, and eventually Al3+ in the case of alumino-
silicates, are generally involved in the formation of
activated complexes (Oelkers, 2001; Oelkers et al.,
1994). The affinity factor accounts for the dependence
of the dissolution rate on the affinity of the dissolution
reaction. In the equation, σ is Temkin's coefficient,
representing the ratio between the rate of destruction of
the activated complexes and the overall dissolution rate
(set to 1 in this study), while A stands for the affinity of
the dissolution reaction, expressed as:
A ¼ RT ln K
Q
¼ 2:303RT  SI ð3Þ
where R and T are the gas constant and the absolute
temperature, respectively, Q is the reaction quotient; K
is the equilibrium constant of the dissolution reaction at
T and P of interest and SI is the saturation index for a
given mineral. The dissolution rate decreases as the
reaction approaches equilibrium, at which it is virtually
set to zero.
Both kinetic dissolution constants (kJ) and specific
surface areas (ss, cm
2/g) for each dissolving mineral
used in the simulation were taken from literature.
We used the chemical composition of rainwater of
coastal areas in theWestern Mediterranean (Marini et al.,
2001) as the initial solution in most runs. To simulate the
composition of brackish waters, for some specific runs,
we used partially diluted seawater (test case EQ3/6-V7-
EQ3NR-TST-R04) as the initial solution.
The simulations were performed in closed system
mode, i.e. the newly-forming secondary phases remain in
contact with the leaching solution. As verified by Aiuppa
et al., (2005), this choice is required by the slow flow rate
and, therefore, the prolonged water–rock interaction
which generally holds in the considered aquifers,
especially the deep ones.
In reaction path modelling, the system comprising
the aqueous solution, the host-rock and the secondary
solid phases (if any) was hypothesised to be in equili-
brium with a gaseous phase, the composition of which,
in terms of fugacities of CO2 and CH4, roughly corre-
sponds to the values measured in our samples (Table 1).
The assumption of fixed gas fugacities takes into
account water circulation in the phreatic aquifer,
where water is in contact with soil air, and of water–of groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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gas exchange in deep aquifers, where CO2 and CH4 are
continuously produced from decaying organic matter
within marly and clayey sediments. In different runs,
oxygen fugacity was fixed at different values (ranging
from 10−50 to 10−70) to simulate the redox conditions of
peculiar water samples. Runs were performed at dif-
ferent temperatures (15, 20, 40 °C) to reproduce the
range of both the measured and estimated temperatures
(Section 4.3).
5.2.1. Solid reactant
Even though both the Alpine and the Apennine
orogens have been investigated extensively, petrological
and geochemical data on the tertiary sedimentary cover
above the over-thrusting front belt are scanty and
incomplete. Nevertheless, some petrographic data on
coeval formations in nearby outcrops provide sufficient
constraints on the composition of the solid reactant.
As described in Section 2, the complex geological
setting in this area implies a wide range of rock-forming
minerals; therefore, in order to maintain the simulations
at a suitably simple level, a homogeneous average
composition was selected to take into account the
different water types, despite the lithological hetero-
geneity of the tapped aquifers. Only for wells tapping
the Messinian marls, containing gypsum fragments, was
gypsum added to the list of solid reactants. In other
words, the different reaction paths described in the
following paragraphs, result from changing physico-
chemical parameters (i.e. temperature, pCO2 and redox
conditions). This methodological approach is justified
by the fact that only a few minerals, i.e. those
characterised by faster dissolution kinetics and/or
wider reaction surfaces, and equilibrium with secondary
phases control the composition of leaching solutions, as
verified in several preliminary simulations. A limitation
arises in constraining soil composition, as the amount of
the secondary phases depends on the composition of the
primary rocks.
The moles of reactants interacting with 1 kg of water,
were deduced from realistic porosity data and from the
estimated proportion of each mineral in the rock volume
(Parsons et al., 2001). Fine-grained sediments, e.g. clays
and silts, widespread in the study area, have a porosity
of about 40%. In the saturated zone, this implies a
volume of rock of 1500 cm3 per kg of water.
Considering the modal proportion of different minerals
and the density values of each mineral (Gaines et al.,
1997), the solid reactant is represented by 10 mol of
quartz, 1.1 mol of albitic plagioclase, 1.1 mol of K-
feldspar, 1.9 mol of illite, 0.4 mol of smectite, 0.3 mol of
chlorite, 0.6 mol of kaolinite, 6 mol of calcite (Table 4).Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
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Data on the composition of chlorite and smectite
solid solutions are not available, but the arbitrary change
of the activity of end-members in solid solutions does
not significantly affect the results of reaction progress
simulations, as observed in the preliminary tests. This is
because water chemistry is constrained by equilibrium
with secondary phases and is barely influenced by the
cation ratios in chlorites and smectites.
As simulation runs were performed in time mode, the
kinetic dissolution parameters of the rock-forming
minerals were taken from literature (Table 4). Kinetic
parameters refer to laboratory studies, which are more
numerous than field determinations; it should be
remembered that the actual field rates are sensibly
lower than laboratory rates (White and Brantley, 1995
and references cited therein). In any case, we do not
provide any inference regarding residence time in the
studied aquifer, however we did obtain a realistic eval-
uation of the relative rates of the irreversible reactions.
We paid great attention to the grain size of the
materials used in the laboratory experiments, to ensure
the compatibility of the measured surface areas with the
granulometry of the TPB sediments. Data on dissolution
rate and BET (Brunauer et al., 1938) reaction surface of
quartz were derived from Brady and Walther (1990) for
low-temperature simulations, whereas for 40 °C-simu-
lation runs, data from Knauss and Wolery (1988) were
chosen. The samples used by Brady and Walther (1990)
and Knauss and Wolery (1988) in their laboratory
determinations had a grain size of 74–149 μm and
100 μm, respectively, within the range of very fine
sands. Quartz and feldspars are abundant in the
arenaceous fraction (dN63 μm), as observed by
Gnaccolini and Rossi (1994) for sediments of TPB.
Data on albitic plagioclase were selected from Knauss
and Wolery (1986) for both high- and low-temperature
runs. In their experiments, they used a grain size of 75–
125 μm. Data on microcline were taken from Busem-
berg and Clemency (1976).
Data on calcite refer to laboratory experiments
performed on bivalves (Cubillas et al., 2005). In situ
dissolution rates obtained by Brown and Glynn (2003)
are 2 orders of magnitude slower than laboratory ones,
confirming the general discrepancy observed between
laboratory studies and field determinations on dissolu-
tion rates (White and Brantley, 1995 and references
cited therein). The grain used in the experiments by
Cubillas et al., (2001) (1–1.5 mm) was not adequate for
that measured in TPB sediments (b63 μm; Gnaccolini
and Rossi, 1994). A geometric surface area, computed
considering spheres of 50 μm of diameter, was used in
the simulations. Some tests performed by using dataof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
UNCORRECTED PROOF
Table 4t4:1
Kinetic parameters used in the EQ6 simulationst4:2
t4:3 Mineral Mol/kg water Formula Kinetic dissolution rate
(mol/cm2/s)
Ea kcal mol B mol cm
2 s BET specific area
(cm2/g)
Mineral surface srea
(cm2)
References
t4:4 Quartz 10 SiO2 rate25°=1.3 ·10
−16 · [H+]0.35 25.9 4.9 ·10−2 1110 6.7 ∙105 Brady and Walther, 1990
t4:5 rate70°=5.01 ·10
−16+
1.58·10−18 · [H+]0.5
460 2.8 ∙105 Knauss and Wolery, 1988
t4:6 Calcite 6 CaCO3 rate25°=1.82 ·10
−10 (Geometric) 17.8 3.5 ·105 Cubillas et al., 2005
t4:7 Illite 1.9 K0.6 Mg0.25Al1.8
Al0.5Si3.5O10(OH)2
rate15°=1.9 ·10
−16 · [H+]0.6+
4.8 ·10−17 · [OH−]0.6
EaH+=11 2.2 ·10
−8 1.3 ·106 9.5 ·108 Köeler et al., 2003
t4:8EaOH−=16 0.27·10
−4
t4:9 Plagioclase 1.1 NaAlSi3O8 rate25°=1 ·10
−16.4 12.89 860 2.5 ·105 Knauss and Wolery, 1986
t4:10 rate70°=1 ·10
−15.1 770 2.2 ·105
t4:11 Chlorite 0.3 (Fe,Mg)5Al2Si3O10
(OH)8 rate25- ¼ 3:5  1015
a3Hþ
aAl3þ
 0:27 1.41 ·104 2.4 ·106 Lowson et al., 2005
t4:12 Kaolinite 0.6 Al2Si2O5(OH)4 rate25°=6.5 ·10
−17 · [H+]0.55+
1.9 ·10−15 · [OH−]0.75
8160 1.3 ·106 Huertas et al., 1999
t4:13 Microcline 1.1 KAlSi3O8 rate25°=1 ·10
−16.4 10,700 3.3 ·106 Busemberg and Clemency,
1976
t4:14 Smectite 0.4 (Ca,Mg)0.165Al2.33
Si3.67O10(OH)2
rate20°=4.1 ·10
−16 · [H+]0.34 7.3 1.1 ·10−10 5.7 ·105 8.9 ·107 Huertas et al., 2001
t4:15 Pyrite 0.4 FeS2
rate20- ¼ 6:5  1013  O2½ 
0:5
Hþ½ 0:11
500 2.4 ·104 Williamson and Rimstidt,
1994
t4:16 Gypsum 0.01–0.001 CaSO4·2H2O rate20°=1.3 ·10
−7 · (1−Cs /Ce) 73 3.8 Jeschke et al., 2001
Specific surface areas were determined by the BET method, if not otherwise specified. Activation energy values were applied in the Arrhenius equation (ki ¼ B exp EaiRT
 
) to compute dissolution rates
at different temperatures. In the Arrhenius equation, ki stands for kinetic constant for the ith aqueous species involved in the formation of activated complexes and B is a pre-exponential factor. In the
rate expression for gypsum dissolution, cs and ce are Ca concentrations at the surface and at equilibrium, respectively.t4:17
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Fig. 10. a,b Na–Si–Mg triangular plot. Relative proportions are on a
weight basis. The model generally tends to evolve towards the Mg,
after the Si and, finally, the Na corners, due to the leaching of both
chlorite and smectite dissolution and finally by plagioclase dissolution.
The star represents brackish water, 83% meteoric, and 17% marine.
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from both Plummer and Busenberg (1982) and Chou
et al., (1989) provided similar results as, whatever the
kinetic parameters chosen, a crucial rate-limiting effect
on calcite dissolution is the precipitation of secondary
calcite. In other words, apart from the early stages of
weathering, the concentration of calcium in the leaching
solution is mostly controlled by the precipitation of
secondary phases rather than the dissolution rate of
dissolving minerals.
Kinetic data on clay minerals refer to the works of
Köhler et al., (2003) for illite, Lowson et al., (2005) for
chlorite, Huertas et al., (1999) for kaolinite, Huertas
et al., (2001) for smectite. Köhler et al., (2003), Huertas
et al., (1999; 2001) usually used a b2 μm grain size,
which is typical of clay minerals. Lowson et al., (2005)
used chlorite with a grain size of 38–75 μm, typical of
silt. In any case, as suggested by Lowson et al., (2005),
the size fraction used is below that where particle size
can modify the rate. In fact, reactions to crystalline
defects frequently dominate weathering processes, and
they are not simply related to the surface area (Holdren
and Speyer, 1985; Brantley and Chen, 1995; Jeschke
and Dreybrodt, 2002). As a consequence, the bulk dis-
solution rate can be independent of size, below 50–
100 μm (Holdren and Speyer, 1985). This observation
can also apply to microcline, whose kinetic parameters
were determined on a b37 μm grain size (Busemberg
and Clemency, 1976).
Finally, to simulate sulphate-rich waters, gypsum and
pyrite were added to the set of solid reactants (Table 4):
kinetic data derive from the works of Jeschke et al.,
(2001) for gypsum and those by Williamson and
Rimstidt (1994) for pyrite. The grain size of the gypsum
samples used by Jeschke et al., (2001) was 500–630 μm
(very coarse sand), which is compatible with that
measured in the Messinian sediments, where gypsum
occurs as large selenitic crystals or as gypsumarenites.
The kind of equation as that proposed by Jeschke et al.,
(2001) for gypsum dissolution is not included in the
EQ3-6 code. Nevertheless, as the gypsum dissolution
rate is, in any case, dependent on the saturation state, we
applied the TST mechanism.
5.2.2. Secondary minerals
Since the EQ3/6 software package allows whichever
the secondary mineral to precipitate, provided that the
solution has reached saturation condition, we only se-
lected a few secondary minerals to be precipitated, basing
our choice on studies of low temperature alteration para-
geneses of siliceous clastic rocks and/or methamorphic
and granitic minerals (Bottino et al., 1975, Abercrombie
et al., 1994). Additionally, we considered those mineralsPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemF
resulting at equilibrium in preliminary speciation calcula-
tions performed with EQ3NR software, described in
Section 4.2. A further constraint was represented by the
results of the inverse modelling, described in Section 5.1.
Although even the precipitation of secondary miner-
als can be controlled by kinetics, it has been treated as
occurring after instantaneous equilibrium.
The secondary minerals allowed to precipitate were
orthorhombic (aragonite) and trigonal (composed of
calcite, magnesite, siderite) carbonate solid solutions,
Fe-oxo-hydroxide, pyrite, gypsum, clinoptilolite, amor-
phous silica, cristobalite (α), chalcedony (in higher
temperature runs only) and clay minerals, specificallyof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Secondary chlorite and smectite solid solutions were
different in composition than the primary minerals, as
they change along with the progress variable.
5.2.3. Modelling results
A series of simulation runs was performed to
reproduce the wide compositional range of the analysed
ground waters. We focused on a few selected samples
only, chosen because representative of circulation in
different aquifers. The water types discussed areUN
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Fig. 11. a,b Si–Ca–SO4 triangular diagrams. Relative concentrations
are on a weight basis. The points representing the leaching solution for
the model lines 5 and 6 are connate water of marine origin, partly
diluted with shallow water, SO4-depleted due to the very reducing
conditions holding in organic-C-rich sediments.
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represented by samples 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 20, 22, 23, 24, 25, 27, 30, 31. Some of these waters
samples (6, 7, 8, 9, 10 and 31) also show a fair temporal
compositional variability, as can be seen in the
triangular diagrams in Figs. 10, and 11. We have also
tried to explain this phenomenon through reaction path
modelling.
The evolution of the simulated ground waters is
represented by the progress variable ξ. Both the moles
of the destroyed reactants and those of the precipitating
secondary minerals are plotted versus the progress
variable (Fig. 12). A common result in all runs (but only
one is plotted in the graph for the sake of simplicity) is
that, of the rock-forming minerals, calcite is the species
that dissolves most rapidly, until saturation is achieved
(Fig. 12b). At that point, the carbonate solid solution can
precipitate upon further input of Ca. This step also
corresponds to a drastic increase in the dissolved moles
even for the other reactants, first of all chlorite, and
secondly smectite. Gypsum is the most rapidly dissol-
ving phase when present in the solid assemblage, and is
completely consumed during leaching. Although it is
the most abundant solid reactant, quartz is not
quantitatively dissolved. Of the secondary species,
gibbsite generally precipitates during the initial stages
of leaching. Goethite is an important secondary phase
along the entire reaction path. Kaolinite is the most
abundant secondary phase, taking up Si derived from
the primary clay minerals, followed by calcite, whereas
secondary chlorite characterises the final stages of the
reaction path.
The results of the simulations have been plotted on
both the activity diagram (Fig. 7) and on the triangular
plots (Figs. 10 and 11), where the relative proportion of
the main dissolved species, which changes during the
reaction path, is represented by lines. For the sake of
clearness, the results of the simulation of the different
aquifers have been discussed separately.
5.2.3.1. Middle–Upper Miocene deposits. In the study
area, this aquifer is generally tapped by artesian wells
(samples 11, 12, 22, 23, 24, 25), as the overlying
Messinian clays and marls act as a low permeability
cover (Fig. 2). Samples 4, 5, 8, 9, and 10 were collected
south and east of Nizza Monferrato, where these
deposits crop out. The composition of these waters is
Na-HCO3-dominated for samples 4, 22, 23, 24, and 25,
while samples 5, 8, 9, 10, 11 and 12 (Fig. 4a) are Ca–
HCO3-dominated. Wells 8, 9 and 10 are characterized
by higher SO4 contents than the other samples, which
suggests a mixing with waters circulating in Messinian
deposits (Fig. 4b). The temporal compositionalof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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Fig. 12. a) Cumulative Log of moles of minerals destroyed during reaction path modelling and b) Cumulative Log of moles of newly-forming
secondary phases, plotted versus the progress variable ξ, for the 1.
Fig. 13. Na–Mg binary plot. The results of reaction path modelling
have also been plotted (curves 1, 2, 3 and 5). Samples from well 31,
collected before the June 2004 earthquake, have been highlighted by
an ellipse.
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ECvariability recorded in these wells could be an effect ofdifferent degrees of mixing.To represent the composition of both the artesianwells and samples 4 and 5, two simulation runs were
performed. In the former, the leaching solution also
interacted with gypsum, as well as with the other
minerals listed in Section 5.2.1, as artesian wells also
cross the Messinian deposits. The temperature was fixed
at 40 °C, as suggested by the geothermometric
estimations described in Section 4.3, while fCO2 and
fO2 were set at 10
−1.1 and 10−60 atm, respectively, to
account for both the pCO2 measured in samples 11 and
12, calculated at 40 °C, and the reducing redox
conditions.
In the latter simulation run, gypsum was not included
in the solid reactant paragenesis; the temperature was set
at 20 °C, as estimated by silica geothermometers (see
Section 4.3), while fCO2 and fO2 were fixed at 10
−1.5 and
10−50 atm, respectively, to take into account the
measured CO2 content and redox conditions in well 5.
The results of these simulation runs are plotted in the
triangular diagrams of Figs. 10 and 11, and in the binary
plots of Figs. 6 and 13.Please cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemFor both runs, the composition of the leaching
solution was firstly controlled by calcite and gypsum
dissolution, which increased the Ca content. Mg was
enhanced by chlorite dissolution, while the progressiveof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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precipitation of carbonate solid solution, clinoptilolite,
smectite-ss, crystobalite (α) and, finally, chlorite-ss,
removed Ca, Mg and Si from the solution. At this stage,
the massive dissolution of albitic plagioclase leads to a
strong increase in Na.
Artesian wells 22, 23, 24 and 25 appear to be related
to wells 11 and 12 by a common reaction path along
curve 1, that represents the more mature stage of the
water–rock interaction, typical of waters with remote
recharge areas. Chemical maturity was confirmed by the
water stable isotopes (Fig. 3), which were more negative
than average in these waters. This is an evidence of
longer flow paths from distal recharge areas, located at
higher elevations.
Spring 4, located south of Nizza Monferrato,
represents the mature stage of the reaction path
identified by curve 2; it differs from artesian wells 22,
23, 24 and 25 for its lower reaction temperature and for
the lack of gypsum in the solid reactant assemblage.
The temperature estimated by silica geotherm-
ometers, and its consistency with the reaction path
modelling results regarding samples 11, 12, 22, 23, 24,
25, suggest that there is an upward transport of warm
fluids that is confined to a restricted area, north-east of
Nizza Monferrato (see Fig. 2). However, the entire
Miocene aquifer remains unaffected by this phenom-
enon (Fig. 14).
5.2.3.2. Messinian deposits. The water circulating in
the Messinian deposits is represented by wells 2 and 31
and by spring no. 1, a mineral water that sees the light in
the town of Agliano Terme town. The analyses of the
samples collected during monthly campaigns, plotted on
the triangular graphs of Figs. 11 and Fig. 13, show that
the composition of well 31 changes from Na–SO4-richUN
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Fig. 14. Na–Si binary plot. The results of reaction path modelling have
also been plotted (curves 1, 2 and 3).
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to Ca–Mg–SO4-rich, whereas thermal water no. 1 is
moderately invariant over time.
In the simulation run performed to represent water
circulation in Messinian marls, the leaching solution
interacted with 0.012 mol of gypsum, as well as with the
other minerals described in Section 5.2.1. This amount
of gypsum, which completely dissolves during the
reaction path, accounts for the SO4 contents in the water
samples. Temperature and fCO2 were 40 °C and 10
−1.3,
respectively. The reaction temperature was estimated by
silica geothermometers (Section 4.3), while fCO2 is in the
range of values measured in samples 2 and 31. The
reducing redox conditions frequently measured in
samples 1 and 31, were accounted for by fO2=10
−60.
The results of the simulation run are plotted on
Figs. 10, 11, and 13 as curve 3.
As can be observed, the samples taken from wells 2
and 31 plot along the same reaction path; they therefore
represent different steps of the chemical evolution. In
particular, sample 2 and the Mg-richer, Na-poorer
samples from well 31 are the immature terms, whereas
the Na-richer samples from well 31 are more mature
waters. The theoretical leaching solution evolves from
Ca–SO4-rich compositions, to be referred to the early
dissolution of gypsum, towards a progressive enrich-
ment in Mg and Si, to be referred to the dissolution of
chlorite. Ca is removed by the carbonate solid solution
and, afterwards, also by clinoptilolite-ss; Mg is removed
from the solution by the precipitation of carbonate-ss
and, secondarily, by chlorite-ss. The precipitation of
chalcedony (at equilibrium at 40 °C, see Section 4.3)
controls the concentration of Si at 9.6 mg/l, which is
significantly reduced after chlorite-ss precipitation. Ca
and Mg removal is paralleled by a simultaneous en-
hancement of the Na content because of the dissolution
of plagioclase, which characterises more mature stages
of water–rock interaction, where an extensive precipita-
tion of secondary minerals occurs.
Based on the above described results of the reaction
path modelling, the Na–SO4-rich waters should account
for their circulation at greater depth in the aquifer, where
water–rock interaction processes can reach more mature
stages, than the Ca–Mg-rich waters,. The more negative
δ18O and δD values, which suggest that the recharge
areas are located at higher elevations than local pre-
cipitation and consequently the waters have longer flow
paths, confirm this hypothesis (Table 2).
5.2.3.3. Holocene deposits. The quaternary alluvial
deposits of the Belbo River host a shallow phreatic
aquifer in the Nizza Monferrato area., which has a
typical Ca–HCO3-dominated composition, with minorof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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SO4 contents. This water type is widespread in the study
area and is represented by samples 7, 13, 14, 15, 20, 21,
26, 30. Since high sulphate contents are frequently
associated to NO3 and Ca in these samples, we suspect a
contribution of fertilizer-polluted waters, drained by
alluvial deposits. In fact, vineyards and orchards,
widespread in the Monferrato Hills, require the use of
NPK fertilizers and CuSO4 and CaCl2 fungicides
(F. Terzolo, pers. comm.).
The composition of this shallow end member was
reproduced by a simulation run performed at t=15°C,
fCO2=10
−1.5, fO2=10
−50. The results are plotted in
Figs. 11 and 15, along curve 4. Besides the already
described paragenesis of dissolving minerals, the solid
reactant includes 0.001 mol CaCl2 and 0.002 mol
CuSO4, which account for the average SO4 and Cl
contents measured in the samples under consideration.
The reaction path proceeds through the leaching of both
CaCl2 and CuSO4, which dissolve in accordancewith the
relative rate law (Wolery and Daveler, 1992), and
through calcite, which produces Ca-enrichment in the
initial stages, followed by a progressive increase in Mg,
after saturation with secondary carbonate-ss has been
achieved. The dissolution of plagioclase supplies Na to
the solution, Mg is removed by carbonate-ss, while
kaolinite and, finally, clinoptilolite control the silica
content in the solution.
5.2.3.4. Brackish waters. Brackish waters are wide-
spread in the entire Po Plain (Conti et al., 2000), and are
frequently associated to CH4 and oil pockets, trapped
within Miocene sediments. In our study area, some
wells have been contaminated by such saline waters, as
can be seen from the samples from wells 6, 7 and 3 and
Agliano spring (1). Samples 3 and 6 are representative
of water circulating n Oligo-Miocene marls, while theUN
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Fig. 15. Na–SO4 binary plot. The star indicates the composition of
brackish water (94% meteoric, 6% marine).
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Agliano Terme spring (1) spills out from Messinian
deposits.
A simulation runwas performed at 40°C, fCO2=10
−1.4,
fCH4=10
−5, to reproduce the chemical composition of the
mineral water collected in Agliano Terme (sample 1).
Geothermometric estimations (Section 4.3) require
that the temperature chosen be higher than that of outlet
(∼13 °C). The leaching solution is diluted brackish
water (83% meteoric, 17% marine). It is used to justify
the measured chloride content (about 3400 mg/l),
considered as being a conservative element, which
cannot be easily accounted for by water–rock interac-
tion. The interaction with organic matter is accounted
for by graphite dissolution. To represent the interaction
with Messinian evaporites, 0.02 mol of gypsum were
added to the solid reactant. The results of the simulation
are plotted in the triangular diagrams of Figs. 11 and 13,
together with the results of the simulation run (curve 5).
The composition of sample 1 results from the dissolu-
tion of gypsum and calcite, followed by the precipitation
of carbonate-ss and the progressive dissolution of
chlorite and plagioclase. The silica content is controlled
by cristobalite (α) precipitation, which was allowed to
precipitate in place of chalcedony, as it is at equilibrium
at 40 °C in this sample (Section 4.3). The reducing
conditions and the abundance of S make pyrite stable.
The composition of the brackish waters circulating
within the Oligo-Miocene marls was reproduced by a
simulation run performed at 20 °C (the maximum
temperature measured in well 6), and fCH4=10
−5,
fCO2=10
−1.4. The leaching solution is represented by
diluted sea water which interacts with organic matter,
here represented by graphite. Seawater was mixed with
a shallow term (represented by sample 7, which has the
lowest salinity), in the proportion of 0.06 to 0.94, to
ensure the measured Cl contents (considered as being a
conservative element) of the saline samples of well 6.
The results of the EQ3/6 simulation are plotted as curve
6 in the triangular diagrams of Figs. 10 and 11 and in
Fig. 15, where a fair match between the modelled
solution and the saline samples from well 6 is found.
The presence of organic matter causes reducing
conditions and methane production.
5.3. Water-rock mass exchanges
Both the inverse and forward models provided
insights into the amount of dissolved and newly-
forming minerals to justify the chemical composition
of modelled waters. Results can be very different, as the
two models have different fundamentals.
A general outcome of modelling is albite dissolution,
which justifies Na-enrichment along the hypothesisedof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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flow paths. Themoles of destroyed albite per kg of water,
computed through inverse modelling (5 ∙10−3 mol,
Table 3), strictly correspond to those computed through
reaction path modelling (3 ∙10−3, Fig. 12).
Quartz, although it is themost abundant mineral in the
studied aquifer (in the arenaceous fraction at least), is not
significantly dissolved, as it appears in only one inverse
model. Furthermore, in reaction pathmodelling, chlorite,
smectite and calcite are preferentially dissolved with
respect to quartz. Both inverse and forward modelling
computed about 0.001 mol of dissolved quartz.
Significant smectite dissolution (0.01 mol) is fore-
seen in both forward models and many inverse models.
The difference in the results obtained by the two
models arises from the behaviour of illite and chlorite.
Illite appears to be significantly dissolved only in model 1
(Table 3) whereas, in reaction path modelling, other
alumosilicates are preferentially dissolved due to their
faster kinetics. Similarly, while chlorite is the most ex-
tensively dissolvedmineral, after reaction pathmodelling,
it mostly appears among secondary minerals in inverse
modelling results. Themoles of newly formed chlorite are
roughly correspondent in both modelling approaches.
Dissolution of calcite is foreseen by inverse model-
ling as it always precipitates. In fact, in inverse
modelling a mineral cannot appear in both the dissol-
ving and precipitating phases. Conversely, because of
kinetic constraints, calcite is one of the main dissolving
minerals, as results from reaction path modelling, and it
is also the most abundant mineral of the secondary
phases. As a consequence, there is no correspondence in
inverse and forward modelling between the moles of
dissolved and precipitating calcite.
On the basis of the inverse modelling results, kaolinite
does not appear to be a significant secondary mineral. In
fact, it forms mainly during the first stages of the reaction
path, whereas the evolutionary waters considered (i.e.
samples 12 and 23, or 5 and 4) are already in a more
evolved stage, as we can also observe in the activity
diagram of Fig. 7. From reaction pathmodelling, kaolinite
results as being the most abundant secondary mineral, but
its increment between two intermediate values of the logξ
(from −2 to −1.1, for instance, corresponding to the
composition of sample 12 and 23, Fig. 12) is small.
The quantitative precipitation of illite is foreseen in
many inverse models, whereas it is not in reaction path
models. This may be due to the need, for inverse model-
ling, to balance K through illite precipitation, while re-
action path modelling fixes K in smectite or clinoptilolite
solid solutions, not foreseen by inverse modelling.
Finally, chalcedony or cristobalite (α) appear in com-
parable amounts in both inverse models and in reactionPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
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path models 2 and 3, which represent the evolution from
well 5 to well 4 and from well 2 to well 31.
6. Time trends
Some of the sampled wells showed a marked chemical
variability over time, which we attribute to water circu-
lation in a stratified aquifer, chemically heterogeneous,
where the piezometric level can suffer vertical oscilla-
tions, intercepting different productive strata.
Wells 6 and 7, which are very close to each other,
show quite a different composition and a marked
variability over time, as observed in the triangular plot
of Fig. 11. The main differences arise from the SO4
contents with respect to Na and Cl. This is represented in
the Na–SO4 binary plot of Fig. 15. Diluted Ca–HCO3–
SO4-rich waters probably circulate at shallower levels in
Quaternary alluvial deposits, as discussed in Section
5.2.3, than the saline Na-rich term, probably contami-
nated by brackish waters, that is trapped within the
Oligo-Miocene marls. Water stable isotopes (Table 2),
more positive for Ca–HCO3–SO4-rich waters, confirm
that this aquifer is fed by local precipitation, whereas the
deeper one has a more distal recharge area, at higher
elevation. The compositional variability of wells 6 and 7
is probably produced by the alternating prevalence of
saline water in the shallow component. The time trends
observed for some diagnostic parameters (Cl, SO4, As,
Fig. 16) in well 6 suggest that the shallower component
prevailed in the late winter–spring of 2004, while the
saline component became dominant from July 2004
onward. The variations described occurred together with
low-intensity seismic events (Md about 2.5), recorded in
June 2004 (INGV data, www.ingv.it).
Coeval variations have been observed in well 31
since May 2004 (Fig. 13), the composition of which has
varied from Mg-rich to Na-rich waters. This is also
evident in Fig. 17, where the isotope composition andof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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HCO3/SO4 ratio of sample 31 are plotted. The sulphate-
dominated composition and the more negative δ18O
values, which characterised well 31 after May 2004,
prove that water circulates at deeper levels.
Finally, another group of well waters, located very
close to each other (samples 8, 9 and 10), showed a
slight variability, changing from an Si-rich to an Mg–
SO4-rich composition, as observed in the triangular
diagrams of Figs. 10 and 11 and in Fig. 13, where the Na
and Mg contents of the described samples are plotted.
Furthermore, samples 8 and 9 underwent occasional
thermal changes (up to 29.5 °C) which took place in
correspondence with recent seismic events that occurred
in the study area during the period of observation (INGV
data, www.ingv.it; RSNI data, www.dister.unige.it/
geofisica). Such variability can be ascribed to mixing
between immature warm waters circulating in Middle–
Upper Miocene deposits (represented by samples 11 and
12), as inferred from geothermometric estimations and
modelling results (Sections 4.3 and 5.2.3), and colder
SO4-rich waters, circulating in the overlying Messinian
deposits (represented by sample 2).
The triangular diagram in Fig. 11 indicates that the
composition of well 9 approaches that of wells 11 and
12 when higher outlet temperatures are recorded. The
hypothesised mixing of cold and warm waters, although
occurring in these sites even in rest periods, could lead
to the prevalence of deeper, warmer waters, the upward
convection of which could be triggered by increasing
stress. In addition to mixing with shallower waters,
warm waters usually undergo cooling down to 15–
16 °C; and only occasionally come to the surface with
their temperature unmodified.
7. Model of water circulation in the Monferrato area
Our study evidences a complex hydrological and
hydrochemical pattern in a restricted area of the Mon-
ferrato hills, Piedmont (Northern Italy). This pattern is thePlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
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result of the geological and structural history of this part of
the Tertiary Piedmont Basin, which formed during the
over-thrusting of the Apennine orogen on the Alpine belt.
The widespread presence of marly and clayey
sediments, interbedded with sandy levels, and the pre-
sence of organic matter favoured the formation of gas
pockets associated to brackish waters trapped at some
depths in the sedimentary sequence, probably at the base
of the Messinian evaporite sequence, when the euxinic
conditions settled down during the progressive closing
of the depositional basin (Ghibaudo et al., 1985). Gas
(mostly methane) and salty water may locally rise up
through fractures and mix with shallow waters, produ-
cing intermediate water compositions. The presence of
gypsum in Messinian deposits strongly affects water
chemistry, giving rise to typically Ca–SO4-rich waters,
which can contaminate the other water types. Additional
variability arises from circulation in alluvial Quaternary
sediments, which also frequently drain water polluted
by anthropogenic activities.
The inverse and reaction path modelling approaches
used in this work have helped shed light on the observed
variability and, more specifically, on the temperature
and chemical changes related to some minor seismic
events that occurred during the period of observation.
Some evolutionary paths were identified, along which
water chemistry changes drastically. Based on both data
from literature and the mass balances provided by
inverse modelling, we obtained a pattern of possible
reactions responsible for the observed compositions.
Reaction path modelling provided additional con-
straints, as the different steps in the chemical evolution
were simulated by using the kinetic parameters of
dissolving minerals.
As the terrains outcropping in the study area are
usually marls and clays, with minor sandy levels, and
the proportion of the various clay minerals (chlorites,
kaolinite, smectite, illite) is roughly similar along the
stratigraphic sequence, we applied the same solid
reactant for almost all the simulation runs, only adding
gypsum to simulate the interaction with Messinian marls
or CaCl2 and CuSO4 to simulate that of fertilizer-
polluted sediments. The leaching solution was usually
rainwater, but partially diluted brine was sometimes
used to represent some Na–Cl-rich end-members. The
presence of gypsum, the stage of chemical evolution and
the physico-chemical parameters are the features which
cause the very different chemical compositions of the
waters sampled, which well represent the wide range of
waters in the Monferrato region.
Of all the dissolving minerals, the phases that
condition the composition of the leaching solution theof groundwater circulation in a seismically active area (Monferrato,
istry, Chem. Geol. (2007), doi:10.1016/j.chemgeo.2007.10.007
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most are gypsum (when present), calcite, chlorite and
plagioclase, whereas smectite, illite, kaolinite, micro-
cline, quartz have a minor role. Secondary carbonate
precipitation has a crucial rate-limiting effect on Ca-
increase in solution, while Mg is removed by newly-
forming chlorite, clinoptilolite or smectite. The Na-
rich composition of the most mature waters is chiefly
produced by albite dissolution and Ca–Mg entrapment
in carbonate and clay minerals. In many cases cristo-
balite (α), chosen as a proxy for the more likely (but
thermodynamically unstable) amorphous silica, or
chalcedony, control the silica content in solution.
A general outcome of this study is the widespread
evidence of thermalism in the Alto Monferrato domain.
This inference is deduced from both outlet temperatures,
occasionally measured at some sites (up to 30 °C), and
equilibrium temperature estimates.
The presence of a hypothermal aquifer in the
neighbourhood of Nizza Monferrato, where there is a
reducing environment and a temperature of about 40 °C,
is likely. This aquifer is hosted within marly sediments
of the Oligo-Miocene age, where the decay of organic
matter may produce conditions suitable to the formation
of gas and oil pockets, sometimes associated to brackish
waters of marine origin, trapped within the clayey
sediments. These brines locally rise up and mix with
either deep or shallow waters, giving rise to typical Na–
Cl-rich compositions (sample 1, 6).
The deep artesian aquifer probably has quite a long
residence time, therefore rock leaching evolves until the
mature stage and is characterised by higher pH and
equilibrium with clay minerals (samples 22, 23, 24, 25,
4), and by lower Ca and Mg contents (trapped in
secondary minerals) than Na.
The local geothermal gradient (24.4°/km), as esti-
mated by Pasquale et al. (2001) for the Alps–Apennine
boundary zone, which also hosts U–Th-rich sediments
from the TPB, could warm the confined aquifer up to
40 °C at a depth of about 1100 m. Warm waters may
upraise if the hydraulic head drops locally, and may then
either mix with cold waters or cool down. The moderate
seismicity which has characterised the Monferrato area
since 2000 could have triggered the upraising of warm
waters circulating in partly confined aquifers, or
modified the proportion between deep and shallow
waters, thus leading to the changes observed in either
water chemistry or temperature.
8. Concluding remarks
Our study has demonstrated the ability of reaction
path modelling, together with inverse modelling, toPlease cite this article as: Federico, C., et al., Inverse and forward modelling
Piedmont, NW Italy): Insights into stress-induced variations in water chemTE
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explain water composition in complex and stratified
aquifers, as an effect of lithology, extent of weathering,
presence of polluting sources (natural and/or anthro-
pogenic), physico-chemical parameters (temperature
and redox potential) or composition of the gas phase.
Although these concepts are generally well known, the
modelling approach ascertains the role of dissolution
and precipitation of solid phases, in relation to their
kinetics, and offers a quantitative estimate of the
processes involved while verifying the correctness of
the assumptions made.
The application of this methodology to a seismic area
that was affected by some low magnitude seismic events
during the period of observation, offered us the unique
chance to make a reliable interpretation of the changes
observed in the water chemistry, rather than just observe
the temporal relationship between these changes and
seismic events. In particular, the existence of chemically
inhomogeneous and locally warm, water bodies is a very
propitious condition for the observation of chemical
changes in water, caused by stress-induced lateral or
vertical movements of fluids.
The approach described can be extended to any
hydrological setting and other seismic areas worldwide.
Furthermore, even though an evaluation of residence
times is still not feasible due to the need of further field
studies regarding mineral dissolution kinetics, it appears
to be a step forward in the discerning of the different
processes behind the composition of aquifers, and the
eventual changes that can affect them.
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